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ABSTRACT
A new EDTA derivative, ethylenediamine tetraacetanilide, has been synthesized and 
characterised from spectrophotometric (IR, NMR) data.
The complexing ability o f the ligand to interact with metal cations in water saturated 
butan-l-ol at 298 K was investigated by uv/visible spectrophotometry and the results 
obtained show that in this solvent system the new ligand is able to complex copper, 
cobalt and nickel.
The stoichiometry o f the complexes determined by using the method o f continuous 
variation (Job's method) indicated the formation o f 1:1 (ligand:metal) complexes with 
Cu(II), Co(II) and Ni(II) in water saturated butan-l-ol. In addition, the presence o f a 
binuclear complex of the type [Cu2 L 3 ]^‘‘‘ is suggested .
Thermodynamic data (stability constant, Gibbs energy, enthalpy and entropy) for the 
complexation of ethylenediamine tetraacetanilide at 298.15 K show a selective 
sequence in the order Ni^"  ^ > Cu^ "** > Co '^*'. Entropy data reflect the mobility and 
flexibility o f the ligand toward complexation with these metal cations. Furthermore, a 
liigher (more positive) entropy (A^S®) found for the reaction between the ligand and 
Co(II) suggests the formation of additional chelate rings in the structure o f this 
complex relative to Ni(II) and Cu(II) complexes.
Various complexes of ethylenediamine tetraacetanilide have been isolated and 
characterised by infrared spectroscopy and two of them were analyzed by X-ray
diffraction studies. Thus, crystal structure of aqua-ethylenediandne tetraacetanilide 
copper(II) perchlorate, [CuL(H2 0 )](C1 0 4 )2 ’1 .5 H 2 0  and aqua-ethylenediamine 
tetraacetanilide cobalt (II) perchlorate, [CoL(H2 0 )](C 1 0 4 )2 "H2 0  0.5C2 H 5 OH are 
reported in this thesis .
The ability o f the ligand to extract metal cations (C u ^ \ N i^ \ C o ^ \ and Fe^+) 
from water to the non-aqueous phase was assessed from distribution data as a function 
o f the hydrogen-ion concentration of the aqueous phase and o f the ligand 
concentration in the organic phase.
The data show that copper is selectively extracted over a wide range o f hydrogen-ion 
concentrations in the aqueous phase. Furthermore, plots o f distribution data versus the 
percentage o f extracted metal show that at a suitable concentration o f ligand, almost 
1 0 0 % of Cu(II) can be extracted by this ligand.
A new polymeric material containing ethylenediamine tetraacetanilide as anchor group 
has been synthesized and the ability o f this material to uptake metal cations from water 
was investigated. Finally, suggestions for further research in this area are given.
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SECTION I : 
INTRODUCTION
1.1 INTRODUCTION
Searching for selective agents for the extraction of metal cations from water into a 
non-aqueous phase is an area o f research to which many efforts have been devoted 
through the years. In 1900, Cazaneuve reported the extraction o f chromiun (VI) by 
diphenylcarbazide^Fig. 1.1).
NHNH
C = 0
NHNH
Fig, 1.1 : Diplienylcarbazide
Later, Fischer ’ introduced dithizone (Fig. 1.2) for the extraction o f metal cations. 
This ligand is still widely used.
0 > O
N =
8 =  C
^ N H — NH
/ N = N \
MS — C /H
^  N   No
Fig, 1,2 : Dithizone
An interesting aspect of the work of Fischer is that the stoichiometry and the 
properties o f the metallic complexes were also studied and used to devise separation 
techniques (liquid-liquid extraction). Auxiliary reagents were used in order to alter the 
selectivity o f the ligand for a particular metal cation. Based on Fischer's work, 8 - 
hydroxyquinoline, a-nitroso-P-naphthol, dimethylglyoxime and cupferron were 
introduced as reagents for cation extraction.
A very comprehensive list o f extracting agents for metal cations can be found in the 
li te ra tu re ^ a n d  a few selected examples o f these compounds are given in table 1 . 1 . 
Since the research involved in this thesis is mainly related to a new derivative of 
EDTA, ethylenediamine tetracetanilide, a review on ethylenediaminetetraacetic acid 
and its derivatives and their applications is first given.
1.2 ETHYLENEDIAMINETETRAACETIC ACID
EDTA is a very well known chemical reagent widely used in analytical chemistry. It 
forms water soluble complexes with most metal ions and it is extensively used as a 
titrant and as a masking agent for cations .
EDTA was discovered in 1944 by Pfeiffer and Offerman^ and its production was 
protected by several patents^’
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EDTA is also known as Complexone II, Trilon B, Versene, Enta, Chelaton 2 , etc. Its 
elemental formula is CioH 2 gOgN2 ; its molecular weight is 292.24. The structural 
formula (H4 Y) is:
HOOCHpC CH2COOH ^ \ H  H /
0 ^ /N C H 2 CH2 N^^ Q
/C H2 C CH 2 — c
0  0
The disodium salt, Na2 H 2 Y-2 H 2 0 , the most common EDTA derivative is known as 
Complexone III or Chelaton III.
1.2.1 Properties
EDTA is a tetrabasic acid. The dissociation constants at 20° C and I = 0.1 mol dm"^ 
for the following processes (eqns. 1.1 to 1.4) expressed as pKa values in water are as 
follows:
H 4 Y H 3 Y- + H+ p K a= 1 .9 9  (1.1)
H3Y- pKa = 2.67 (1.2)
H 2 Y^' ^ = = ±  HY^' +  H'*' pK a = 6.16 (1.3)
HY^‘ Y^' + ;>Ka= 10.26 (1.4)
This data was obtained by potentiometric methods as reported by Schwarzenbach and 
Ackermann^^ (I = 0 . 1  mol dm"^, KCI, T = 2 0 ° C). Fig 1.3 shows the distribution 
curves o f EDTA species, as a function o f pH.
eg.
1,0
>4 “2 -
0
p H
Fig.1.3 : pH Diagrams for the dissociation of EDTA
The ease o f release of the first and second protons indicates, that the acid has a double 
zwitterion structure and that the removal o f the protons from the nitrogen atoms will 
take place only at pH 6  and lO^ "^ .
The infrared spectrum o f solid EDTA shows that the ionized carboxyl group is not 
present in the solid state. The disodium salt contains both dissociated and 
undissociated carboxyl group, Chapman^^, therefore assumed that the structure o f the 
salt is (Fig. 1.4)
yOO CH gCx y  CHgCOOx
h' NCH2CH2N 'h
^  OOCH2C ^  CH2COO
Fig 1.4 : Structure of the salt
The free acid (H4 Y) o f EDTA is a white crystalline powder and it is slightly insoluble 
in water (approximately 3 x 1 0 '^ mol dm'3)^^ and in common organic solvents. It is 
soluble in mineral acids or in aqueous alkalis. The samples obtained as an analytical 
reagent "EDTA disodium salt" contains two water molecules. However, the 
compound H 4 Y when dried at 140°C for two hours is currently used as a primary 
standard. Disodium salt o f EDTA (Na2 H 2 Y'2 H 2 O) can be readily purified by 
recrystallization from water (11.1 g./l at 20°C, 270 g./l at 98° C)17. As a result a 99.5 
% pure compound is obtained after drying at 80° C. Drying at 100° C or above results 
in the partial loss of crystallization water.
1.2.2 EDTA complexes
EDTA is a polydentate ligand. In fact, it bears six coordination sites to interact with 
the metal cation as shown in Fig. 1.5 :
0II. a
o ' o  9 ^ 2
j c ' - C H , /
, . - X
, . - M :  C H z
i > . - C H 2
0
Fig. 1.5 : General representation of an EDTA metallic complex with a six
coordination number
EDTA complexes were found in which the metal cation is entirely surrounded by the 
ligand and therefore six coordinating species can be found'^’ "^’’ These type of 
complexes are characterized by the presence of five chelate rings (Fig. 1.5).
However, studies in the solid state^^ have shown that EDTA can act as pentadentate 
ligand for copper(II) and nickel(II). One carboxylate group remains free and the sixth 
coordination for these cations is provided by a water molecule. (Fig. 1.6)
0 (8)
N(2) |c(4) ^C(3)
0(1)
Fig. 1.6 : A  perspective drawing!^ of [CuHY(H20)]"l
Stein et. al?'^ reported the existence o f a six coordinate complex KMnY-2 H 2 0  as 
shown in Fig. 1.7.
oto
C9
07
,C2 lC7
[06
MN
fCJ
C5C*
'C6
0 9
'04
Fig. 1.7 : ORTEP diagram of K[MnY]-21Ï20
A considerable strain in the chelate rings was reported by these authors which seemed 
to be relieved once the oxygens contained in the ligand are drawn back toward the
10
nitrogen atoms. This resulted in the availability of a seventh coordination site which 
attracts a water molecule. A representative example is shown for the [TiY(H2 0 )] 
complex^ 1 in Fig. 1.8 .
Fig. 1.8 : The ORTEP diagram of [T iY ^ O )]
Cations such as calcium whose atomic radii is large, are not able to be surrounded in 
full by EDTA. Therefore, two new available positions appears and the metal ion 
becomes eight coordinated^^ (Fig. 1.9).
Ot)(
>03
02
07108 060 9 ' 06
OK),;
Fig. 1.9 : The coordination and the ligand geometry for Ca[CaY(H20)2]
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Despite the efforts devoted to study the structural behaviour o f EDTA complexes in 
solution, this is not yet fully understood. Extensive studies have been carried out with 
nickel(II) complexes o f EDTA and various techniques including have been
used to elucidate their structure. A number o f species have been identified according to 
the pH of the solution. Thus, a [Ni(H2 0 )HY]"^ complex in wliich one o f the 
carboxylate groups of the ligand was found to be protonated has been reported at low 
pH.
Increasing the solution pH to 6  or higher, a mixture o f 75 % hexacoordinate and 25 % 
pentacoordinate complexes were reported^^ . For the latter, a free carboxylic group 
was found. Spectrophotometric (UV, vis, IR and NMR) studies on metal complexes of 
EDTA were reported by Nutall et. . These authors concluded that species in
solution show similar stereochemistry to those observed in the solid state. In addition, 
Nutall et. al suggested that EDTA can behave mainly as a tetra, penta or hexadentate 
ligand. However, mono^^ and bidentate^^ complexes o f EDTA have been reported.
Furthermore, Nutall et. al explained the behaviour of EDTA as a pentadentate and 
hexadentate ligand. These authors, demonstrated that the strain inherent in the fully 
hexadentate configuration o f the EDTA ligand in solution is reflected by the relative 
ease with which one o f the carboxylate groups is displaced in some metallic 
complexes. As a result, it was pointed out that:
i) The pattern o f EDTA complexation is intermediate (owed to rapid exchange) 
between the pentadentate and the hexadentate coordination.
ii) The ionic radii of the metal cation plays an important role during the complexation 
process. Thus, EDTA is able to surround the coordination sphere o f the cation but if
12
tliis is relatively large, additional positions will open up and therefore new coordination 
sites become available for suitable molecules (i.e. H2 O).
A representative example is found in [La(H2 0 )YH] complex for which a coordination 
number of 1 0  has been reported^^.
The relatively large ionic radius o f La^^ (r = 1.17 Â)^^, renders EDTA incapable of 
completely surrounding the tervalent ion. The metal cation is almost out o f the 
coordination sphere, having either three or four available positions which are occupied 
by water molecules as shown in Fig. 1.10.
Fig. 1.10 ; Model of the complex [LaHY(H20)^]
3 +  -As a result o f this (Fig. 1.10), one o f the carboxylic groups bonded to La is still 
protonated. The carboxylic group which is protonated can be identified from the bond 
length data (For better understanding, the coordinated oxygens in the carboxylic group
13
are designed as Oq whereas as the non-coordinated). The average length, with 
mean deviation, for three of the four La-O^ bonds is 2.537 (0.007)A., and the 
corresponding data for the associated C-Oq and C-O^ bonds are respectively, 
1.261(0.008) and 1,249(0.004)Â. The fourth La-O^ bond length o f  2.609 Â is 
accompanied by O^-C = 1 . 2 1 0  and C-O^ = 1.288 A ., and additionally by an apparent 
hydrogen bond, O^H. . . .OH2  (external) = 2.603 A . The weakest La-O^ bond (2.609 
A ) involves a quasi-carbonyl coordination.
The behaviour o f EDTA as a bidentate ligand is reflected in the palladium (PdH^YCl^) 
and platinum (PtH^YCl2 ) complexes reported in the literature . The square planar 
arrangement found in these two complexes involve only two nitrogen atoms o f EDTA 
while the other two sites are occupied by two halogen atoms (Fig. 1.11).
^(5)
0(3)1
0 ( 1)
,C (J) f  (3)Z 03
0 (2 ) 0 (2)*O "
Fig. 1.11 : Model of the complex [PdH^YCl2]
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Likewise complexes of Co(III) o f the type [Co(H2 Y)(NH 3 )3 ](C 1 0 4 ) have been 
prepared, and there is considerable evidence that in this complex , EDTA behaves as a 
monodentate ligand .
EDTA can be considered as the parent molecule o f a big family o f derivatives known 
as complexones . All o f them are characterized as polyaminocarboxylic acids. These 
compounds, in turn, can be further modified due to the presence o f the carboxylic 
function and an extensive group o f derivatives can be found. Some representative 
examples are mentioned in the next section and several applications are also given.
1.3 POLYAMINOCARBOXYLIC ACIDS
1.3.1 Complexones
As shown (Fig. 1.5), EDTA bears four carboxylic groups which are attached to an 
ethylenediamine bridge. Their presence allows EDTA to be considered as a 
polyaminocarboxylic acid.
Polyaminocarboxylic acids are also known as complexones and there is a large variety 
having resemblance with EDTA. This is due to the presence o f the iminodiacetic group 
(Fig. 1.12)
15
y C H g C O O H
 N
^ C H g C O O H
Fig. 1.12 ; The Iminodiacetic group
It is indeed, this important chemical group wliich makes these ligands highly effective 
chelating agents.
Complexones are derived from the simple aminoacid glycine where a larger presence 
o f  carboxylic and amino groups lead to the formation o f several chelate rings with the 
metal cation.
EDTA and complexones have found extensive use in titrimetric analysis. Some 
representative examples are given in table 1 . 2  .
For a comprehensive list o f different complexones used in analytical chemistry, the 
reader is referred to articles published by Bermejo-Martinez^^ and West^^. The latter, 
describes around 38 complexones but the analytical significance o f several ligands such 
as NT A, EDTA, DCTA, EGTA, DTP A and TTHA is emphasised. Among the ligands 
described in this review, EDTA and NTA are the most widely used. A brief account o f 
some o f these ligands is therefore given.
NTA behaves as a tetradentate ligand, forming less stables chelates^ than EDTA . 
Although NTA can form 1:1 complexes, it has a tendency to form 2:1 complexes 
which cause some problems in the stoichiometric calculations.
16
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33Several complexes have been prepared and these have been described by Pribil . 
Some o f them have been characterized by X-ray crystallography^'^. A representative 
example is given in Fig.(1.13) of the Nag [Fe(NTA)2 ]' 5 H 2 O salt in which one ligand is 
bound to Fe(III) through three oxygen and one nitrogen atoms. The second ligand uses 
two oxygen and one nitrogen atoms. Its third carboxylic group is uncoordinated. Thus, 
the resulting coordination number of Fe(III) is seven.
0(241
0(141
0(23)C(241j
0(131
C(231 C(14l
0(15)
0(161 o n e iU  0(13)N(21,0(261
0(261 0(2!
■0 (211, 0(151Ndl0(2210(251 0(211
01221
0(111
0(111
0(121
0(121
Fig. 1.13 : Model for Na3[Fe(NTA)2]
Another ligand which has received attention is DCTA which is able to form more 
stable metal chelates than EDTA (see table 1.3). Hence, DCTA has been 
recommended as a masking agent for cases in which EDTA is not an efficient agent^^.
19
However, kinetics o f complex formation are relatively slow. A complexing ejfficiency 
between EDTA and DCTA is found in derivatives such as DTP A and TTHA, which 
behave as octadentate and decadentate ligands respectively. However, the resulting 
chelates are more resistant to hydrolysis.
TTHA forms M 2 L-type chelates with a variety of metal cations such as: Cu(II), Sn(II) 
(pH 3 to 4), Al(III), Cd(II), Co(II), Ga(II), Hg(II), Ni(II), Pb(II), Zn(II) (pH 5 to 6 ), 
Mg(II), Zn(II) (pH 9 to 10), etc.
20
in
r H
00ON
'S
I
a
aI1 Î
'■daa
æaog
o ,
G0u1I%O)
GO%
03ICAas
■a
2CZ!
o
G
1O«m#ao
a
2  
aou
daa
I
sI
i
gn
gH
gUa
g
i
Q _ 1 00 o oVO '=^' cn On vqON VO o ’
cn o VO oN- VO 1—1
CN 00 ■vt o 'CN
O VO O o ' o 'ON OO VO
OO N-' 00 CN ONCN cn cnwo VO o o oC" O »—< CN ooON O ON VOCN
O O cn oTj- N" VO oo6 o 00 1—4 o ’<—1 CN CN
o o o o CNON o VO oo
cn CN o ' criCN
cn VO T—4 o oI—1 ON cn CO oo
vd o ’ vd oo I— (v—V 1—( >—< CN
B o BoO Ô
'Oxj-
oo
oo
oo
omcK
<Niri
cn o CN o o CNVO VO ON cn cn cn
0 0 CN OO Tf- o ’v—' «—V '—1 (N CN 1—1
ONVO
oo
VO
oo
.00
o'=tcsicn
00
CNmoCN
VOVO
N"On
8
00
«
%
CN
I
ONen
Oin
00Ü,o
K
ooo
oovo
ON
s
voo
oin
o
00emvo
vd
vo
o«nvd
11
J
g-
I
Iex.B
01
vdcnI
“S
&I
I
?5
1.3.2 Chromophoric derivatives
The development o f chromophoric derivatives is linked with their use as 
métallochromie indicators in titrimetric analysis. In this section, a brief account is 
given. Further details about these compounds can be found in the Application Section.
The iminodiacetic group (Fig. 1.12) responsible for the complexation process between 
the complexone and the metal cation, has been attached to acid-base indicators with 
chromophoric frameworks. Table 1.4 shows some representative examples.
As appreciated in table 1.4, the iminodiacetic group is linked to the molecule o f an 
acid-base indicator through a methylene group, in a vicinal position to the ionizable 
phenolic group. The entry of a metal ion into such a system usually occurs at the 
complexone group o f the molecule and affects the vicinal phenolic group, either by 
direct bond formation or by electron induction effects and consequently a change in the 
acid-base properties of the compound is observed.
A few chromophoric derivatives are listed in table 1.4. A comprehensive list of 
different cliromophoric derivatives is given by West^^. Within this group of 
compounds, Xylenol Orange (XO) and Methylthymol Blue (MTB) are the most widely 
used. These behave as polybasic ligands with two coordination sites. The composition 
o f the resulting chelates is rather complicated^. In most cases, the metal chelates have 
ML-types composition or M 2 L2 . However, ML2  and M 2 L-types are not uncommon. 
In general the metal chelates can be expressed as MjHjLi^, where, L, H and M stand 
for the fully protonated ligand, proton, and the metal ion respectively.
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In the case o f XO, Sandell^ and references therein emphasised the importance o f the 
pH o f the medium in the complexation process. Thus nickel:XO system is a typical 
example where at pH 3, a 1:1 complex is formed while at pH 6.4, two complexes (1:2 
and 2:2) are reported On the other hand, MTB shows a similar behavior as XO. In 
general, cations such as Co(II), Ni(II), Cu(II) and Zn(II) form various charged species 
(ML'*', MHL^', MHgL", M jH L ' and [M2 (OH)2 L]‘l+) with this
3 8reagent .
1.3.3 EDTA Analogues
EDTA analogues bear two characteristics:
i) The carboxylic group in the iminodiacetic acid has been altered by suitable chemical 
reactions forming new functional groups; and,
ii) The ethylenediamine bridge remains as the basic unit in the backbone o f the 
molecule. Furthermore, the presence o f this group is relevant to chelate formation.
Searching for new molecules for the complexation of iron(III) and tervalent ions, two 
research groups^ reported the preparation o f A(#-ethylene-bis-[2-(o- 
hydroxyphenyl)glycine], EHFG, (Fig. 1.14)
N N
HOOCHC"  ^ ^CHCOOH1 OH OH I
Q  Q
Fig. 1.14 : -ethylene-bis-[2-(o-hydroxyphenyI)glycine]
EHFG
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The high affinity o f this ligand toward Fe(III) was attributed by these workers to the 
presence o f the phenolic group in the molecule . However, it was noted that steric 
hindrance may interfere somewhat with the simultaneous participation o f the six 
coordinating sites (two basic nitrogens, two carboxylate groups and two phenolate 
groups) in metal complexation. This situation could be the result o f two (axial) 
carboxylate groups being displaced from their most favourable octahedral positions 
about the central metal ion. Taking this into account, a new molecule, N,N-bis{2- 
hydroxy benzyl) ethylenediamine-A(#-diacetic acid, HBED^^ (Fig 1.15) was 
synthesized:
HOOCHgC^ j CH2COOH
N N CH.
OH H
Fig. 1,15 : A ,^A -^bis(2“hydroxybenzyl)etliylenedianiine-A^,A^-diacetic acid
HBED
In this new molecule, a more favourable arrangement o f the donor atoms is found.
Following this work, the synthesis o f A(A^-di-pyridoxyl-ethylenediamine-A(#-diacet ic 
acid, PLED (Fig. 1.16) was reported by Taliaferro et.al.^^.
27
CH
DH OH CH 2 OH
Fig, 1.16 : A'",A''“di-pyridoxyl-ethylenediamme-A^,A^-diacetic acid
PLED
Hydroxymethylpyridoxine rings were introduced in the molecule to enhance the 
solubility in water and lower its toxicity in human beings.
Taliaferro et al.^^ report the stability constants in aqueous medium (at 298.15 K and I 
= 0.1 mol dm"^) o f HBED and PLED (See table 1.5) and metal cations.
Other EDTA derivatives known as bifunctional chelating agents^^ are those reported 
by Altman, whom synthesized l-( 2 -carboxyethyl)ethylenediaminetetraacetic
acid shown in Fig. 1.17.
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+ .C H 2 CO 2
HN N.H 
-> 'C H 2 CO 2 H 
CHo
ÇH 2
CO 2 H
Fig. 1 .17 1 l “(2-CarboxyethyI)ethylenediammetetraacetic acid
These compounds can find applications as new radio-labelling and tumour imaging 
reagents. Likewise, the incorporation o f bifunctional EDTA and DTP A to monoclonal 
antibodies has been reported^^ and therefore, these compounds may have some 
interesting applications in immunology (Figs 1.18 a and b)
O
.N
CH2 — c : OH 
•01 
O
■h '  ‘  'OH
'C H j— C ^O H  
^ 0
CHo— C
Fig. 1.18a: Bifunctional EDTA linked to monoclonal antibody (P, represents a 
protein fraction)
^ c h 2 — %o
Fig. L18b : Bifunctîonal DTPA linked to monoclonal antibody (P, represents a 
protein fraction)
In the late sixties a series o f novel^^ agents EDTA-derivatives were synthesized by 
Imperial Cancer Research Fund. EDTA-tetraamides were the main goal because it was 
thought that these new kind of compounds could have anticancer properties. However, 
during the course of the reaction between EDTA and formamide, ammonium was 
eliminated and the EDTA-imides obtained are shown in Figs.1.19a and 1.19b.
0%
0
. 0 —HoC
O
~\ ^CHg— C 
N ) n H
^CHg— C ,
Fig. 1.19a: l,2-iis(3,5-dioxopiperazin-l-yl)ethane 
ICRF 154
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0 .
h n :
C -H g C
O
CHz O
,C—H2C^ /  \ CH2— C/ /
CH2 C
NH
O
Fig. 1.19b ; l,2-6is(3,5-dioxopiperazin-l-yI)propane 
ICRF 159
EDTA-amides came years later with the synthesis o f ethylenediaminetetraacetamide
(Fig. 1.20) reported by Hay and Nolan^^.
H2NOCH2C /  \  CH2CONH2
N
H2NOCH2C
N
CH2CONH2
Fig. 1.20 : Ethylenediamine tetraacetamide
A series o f metallic complexes (Cu^', N i^ \ Co^% F e ^ \ etc) with this ligand have 
been isolated and spectrophotometric (visible, diffuse reflectance, IR), magnetic 
susceptibilities, conductivity and potentiometric studies have been carried out using 
water and methanol as reaction media. It was shown that, once that amide group is 
linked to a metallic ion, deprotonation o f the amide can occur. This finding was also 
reported by Smith These authors prepared other EDTA derivatives containing
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two amido and two terminal iminodiacetate groups and differ in the arrangement and 
spacing o f  the amide group.(Figs. 1 . 2 1  a, b, c)
HOOCH2C O O CHgCOOH
\ +  II II + /NHCH2CNH(CH2)nNHCCH2NH
OOCHgC ^CH jCO O '
Fig 1.21a-. I,DGNTA(n = 2)
2, DGBNTA (n = 4)
HOGCH2C 0 0 CHjCOOH\ *  II II + /NHCH2CH2NHC(CH2)^NHCH2CH2NH
■OOCH2C CHgCOO'
Fig. 1.21b : 3, BAOTA (11 = 0)
4.BAMTA (n = l)
HOOCH,C O 0 CH2COOH
\ +  II II + /NHCH2CNHCH2CNHCH2CH7NH/  \
OOCH 2 C CH 2 COO
Fig 1.21c: 5,GGNTA
These ligands are:
i) N,N'-diglycyl-l,2-diaminoethane-N",N",N"',N"'-tetraacetic acid (1) (DGENTA)
ii) N,N'-diglycyl-l,4-diaminobutane-N", N", N'", N"'-tetraacetic acid (2) (DGBNTA)
iii) N,N'-bis(2-amino-ethyl)oxalamide-N", N", N'", N"'-tetraacetic acid (3) (BAOTA)
33
iv) N,N'-bis(2-aminoethyl)malonamide-N", N", N'", N'"-tetraacetic acid (4) (BAMTA)
v) N-(glycylglycyl)-l,2-diaminoethane-N', N', N",N"-tetraacetic acid (5) (GGENTA)
Their main features of these ligands are:
i) According to potentiometric equilibrium measurements, DGENTA, DGBNTA, 
BAOTA and BAMTA with added standard base, release two protons from carboxylic 
groups in the acidic region and two more protons from amino group in the basic 
region. However, with GGENTA two protons are lost in the acidic region but the 
amino protons are lost in a stepwise sequence because o f the reduced basicity o f the 
glycyl amino relative to the more isolated amino groups separated from an amido 
group by the ethylene bridge.
ii) They behave as octadentate ligands.
The presence o f amide groups in these molecules play an important role in the 
complexation process and conclusions are as follow:
i) The neighbouring amino group has its basicity reduced and consequently it is less 
strongly coordinated to the metal ion due to the inductive effect o f the amido carbonyl 
groups.
ii) The inductive effect of the amido function on metal-ion coordination tendencies of 
adjacent donor groups is reversed when the amido group becomes deprotonated 
through metal ion coordination.
iii) A neighbouring bonding group such as an amine causes the amido proton to be 
more easily removed because of the inductive electron-withdrawal effect resulting
34
from the coordination of adjacent donors close enough to the amide to form five-or six 
membered rings.
EDTA, complexones and some derivatives mentioned above find extensive use in 
several fields, such as analytical chemistry, biological and industrial processes. Some of 
these applications will be mentioned in the next section.
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1,4 USES
1.4.1 Analytical Applications
EDTA and its sodium salt are widely used in quantitative chemical analysis. They form 
water soluble complexes with most metal cations and find extensive use as titrants for 
metal ions, as masking agents and sometimes these are used for the 
spectrophotometric determination o f metal cations.
The extensive use of EDTA in titrimetric analysis is the result o f the formation of 
stable, water soluble, 1:1 (EDTA:metal cation) complexes (See table 1.3).
The relevant process in the complexometric titration of H 2 L^" with metal cations 
may be described as follows:
M^+(H2 0 ) + H 2 L^“(H2 0 ) (HgO) + 2H+(H20) (1.5)
The sodium salt o f EDTA (Na2 H 2 Y) is often used for these purposes. Detailed 
procedures for the determination of each metal cation can be found in the literature 
32,50,51
The first EDTA titration described by Schwarzenbach used to determine the hardness 
o f water (calcium in presence of magnesium) employed acid-base indicators in order to
quantify the metal-ion c o n c e n t r a t i o n ^ 2 , 5 3
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In fact, Schwarzenbach himself developed the métallochromie indicators. Murexide 
was the first indicator for calcium(II)^^ (Fig. 1.22). Others widely used are Eriochrome 
Black (Fig. 1.23), Calmagite, Fast Sulphon black F, l-(2-Pyridilazo)-2-naphthol or 
PAn 32,56_
0 0
Fig. 1.22 : Murexide
OTQ
Fig. 1.23 : Eriochrome Black T
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These indicators form coloured complexes with cations under conditions carefully 
chosen such as,
i) pH o f the medium controlled by the presence of buffers solutions.
ii) Addition o f masking agents; i.e, presence of ammonium in order to avoid 
precipitation o f Cu^+ in alkaline medium.
iii) Presence o f antioxidants.
As a result o f these conditions, the presence of the métallochromie indicator and the 
metal cation leads to the formation of coloured complexes which are characterized by 
lower stability constants (See tables 1.7 and 1.8) than the corresponding EDTA 
complex. Hence, in a complexometric titration, EDTA replaces the indicator and 
colour change in the solution is observed.
West^^ stated that most of the métallochromie reagents mentioned above were 
discovered by observation or by accident rather than by design. However, 
chromophoric derivatives (See section 1.3.2, table 1.4) introduced by Schwarzenbach, 
Flaschka, et were specially developed for titration purposes. These indicators 
have been developed most extensively by Pribil and Korbl 5 9 - 6 1
Chromophoric derivatives not only are used as métallochromie indicators but they can 
also be very useful in spectrophotometric determinations o f traces metaP . ^ 2  por 
instance, xylenol orange is used for the determination^ o f Cu(II) and U(VI).
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Table L 8  : Stability Constants of Some Eriochrome Black-T 
Metal Chelates ^
M etal Ion Log K
Mg(II) 7.0
Ca(II) 5.4
Ba(II) 2 . 0
Zn(II) 12.9
a : Ref. 32
Some EDTA complexes are coloured and therefore this property has been used for the 
development o f spectrophotometric methods31,63 for the quantification o f some metal 
cations: Cr^^, C o ^ \ Cu^" ,^ Fe^" ,^ Ni^ "*". However, these methods lack sensitivity.
Complexones (Table 1.3) other than EDTA are not widely used, probably due to their 
high cost. However, there are situations where their use is advisable such as in the 
simultaneous determination of magnesium and calcium. Since no large differences are 
observed between the stability constants of EDTA with these cations in water as 
shown in table 1.3, this is overcome by replacing EDTA by EGTA since the stability of 
the latter ligand with these two cations differs considerably.
41
EGTA and DCTA have found applications^^>^^ as titrants in water-non aqueous 
solvents mixtures. This procedure is claimed to be faster and more accurate than other 
methods such as atomic absortion spectroscopy.
PribiP^, in turn, described several spectrophotometric determinations o f metal cations 
with complexones, where the use o f these reagents as masking agents during 
extraction procedures was emphasised. For instance, during the extraction^^ of 
copper(II) by diethydithiocarbamate, the addition o f EDTA to a slightly ammoniacal 
medium masks metal cations such as Ni(II), Co(II), Mn(II), Zn(II), Fe(II).
1,4.2 Biological Applications
The complexing properties of EDTA and its derivatives have found a considerable 
range o f biological applications such as:
A. Chelation therapy
B. Removal o f toxic elements
C. Anticancer-related drugs
A. Chelation therapy.
Since EDTA and derivatives show remarkable complexing properties in aqueous 
medium, these chemicals are used in the removal o f overloaded metal cations in 
biological streams.
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Thus, the monocalcium disodium salt o f EDTA is used as the standard procedure for 
the treatment o f lead poisoning. Addition of calcium to the chelating agent avoids 
depletion o f this ion. In acute cases o f lead poisoning, CaNa2 EDTA is injected, 
causing a fast diminution in lead levels through the elimination in urine o f the Pb(II)- 
EDTA complex.
One o f the problems o f this kind o f treatment is the non-selectivity o f the complexing 
agent. These chelating agents are able to complex other cations such as copper(II), 
manganese(II) and zinc(II). Therefore after the chelation therapy treatment, the 
concentrations o f these essential ions are restored to normal levels by the 
administration o f suitable preparations containing these cations.
Chelation therapy is also useful in the removal of overloaded metal cations in 
biological streams which is the result o f some genetic disorders.
The iron-loading anemias, in particular |3-thalasemia (Cooloey's anemia) is 
characterized by progressive iron accumulation. In some people (from Mediterranean 
region, Middle East, India and South East Asia), p-subunits o f hemoglobin are not 
synthesized in adequate quantities. Blood transfusion is the usual therapy. 
Unfortunately with this kind o f treatment, the patient accumulates 4-8 g. of iron per 
year from the hemoglobin in the transfused cells. The human body has no mechanism 
for excreting such large quantities o f iron, so iron builds up in all tissues.
In order to prevent this iron intoxication, a drug called desferrioxamine B (Desferal 
™) is administered. This product contains hydroxamic groups which are located in a 
cyclic fashion. However, this treatment has several disadvantages:
43
i) Cost o f the treatment.
ii) The product should be administered peritionally and very slowly, and,
iii) It should be repeated frequently.
In order to overcome this, several iron(III) selective chelating ligands are being 
synthesized. Some o f these compounds contain the ethylenediamine bridge as the basic 
framework o f the molecule. Martell have carried out extensive studies on
these new ligands. Representative examples are shown in fig. 1.24.
O
3 Na+ O
>
>‘O
oo
X
2Z'Ca
'4\l-
O
Fig 1.24a : Calcium Trisodium dietliyienetriaminepentaacetate; CaNa^DTPA
O'
Ca::c à
Na"
Fig. 1.24b : Dicalcium disodium triethylenetetraaminehexaacetate,
Ca2Na2TTHA
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HOOCCHo,-
'',N ^ V \  /  N N CH 2 COOH
HOOCCH2 CHgCOOH C H 2C 00H ^*^2C 00H
Fig. 1.24c : l,4-B is(2 ',5’,5’-tricarboxym ethyI-2'5’-diazapentyl)benzene, PXED3A
OH
\  /N N
CHgCOOH CH2COOHCH2COOH
0 .
Fig. 1.24d : N,N**-bis-o-hydroxybenzyldiethyïenetriaiiiiiie-N,N',N"-triacetic
acid; HDTT
It should be noted that several o f these ligands are supplied in the form o f Ca(II) 
chelates. These ligands bind Ca(II) ion and would produce hypocalcémie shock when 
administered intravenously or parenterally. This could not take place, however, if the 
Ca(II) chelates were employed as the iron chelators. Since the Ca(II) chelates are 
labile, and are always much less stable than the corresponding Fe(III) chelates, rapid 
exchange of Ca(II) for Fe(III) takes place, with complete conversion to the Fe(III) 
chelate in vivo as well as m vitro .
Additional complexing agents for Fe(III) such as HBED (Fig. 1.15) and PLED (Fig. 
1.16) are suggested^^. Stability constants data for metallic complexes in water (T =
45
298 K, I = 0 . 1  mol dm"^) are reported (Table 1.5). The metallic complexes 
Fe^'^:HBED and Fe^^:PLED show a log Kg = 39.68 and log Kg = 36.91 respectively.
The interaction of these ligands with other tervalent cations (Ga^^ and In^^) has also 
been reported (Table 1.5). High stability constants (log Kg > 35) in water at 298 K 
have been observed. From NMR studies, the structures of various complexes have 
been elucidated and the possibility o f using PLED in radiopharmacology has been 
suggested.
Despite the high stability shown by these ligands for the ions mentioned above, their 
lack of cation selectivity is a disadvantage, since alteration o f the normal biological 
levels of certain metal cations may occur. Consequently, the synthesis and design of 
ligands with specific cation binding properties is a research area o f utmost importance. 
In this context, particular mention should be made to the derivatives^^ known as:
i) Ethylenedinitrilo-A^,A^-diacetic-iV',A^-bis(A^-2 -propylacetohydroxamic)Acid, 
/•-Pr2 -EDTA-DX (Fig. 1.25)
O
O\\
O H ^  ^ N '
OH O
OH
O OH
Fig. 1.25 : £-Pr2 -EDTA-DX
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ii) Diethylenetrinitrilo-7v^,iV’'A^'-triacetic-#,A'''-bis(/i/‘-2-propylacetohydroxamic)Acid, 
/-Pr2 -DTPA-DX (Fig. 1.26)
O
OH
OH
OH
^  OH
Fig 1,26: i-P r2 -DTPA-DX
These two EDTA-derivatives contain the hydroxamic group (0=C R -N H 0H ) in their 
structure. This group is known^^ to show special affinity for Fe(III).
Thus, the stability constants at 298 K have been determined using water as the reaction 
medium by the potentiometric method;
Fe3 +(H2 0 ) + /-Pr2 -EDTA-DX(H2 0 ) Fe z-Pr2 -EDTA-DX(H 2 0 ) (1.7)
log Ks = 30.2
Fe3 +(H2 0 ) + 7-Pr2 -DTPA-DX(H2 0 ) ----- ^  Fe /-Pr2 -DTPA-DX (1.8)
log Ks = 29.7
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The authors^^ suggested that these new ligands could find potential applications for 
iron and plutonium chelation therapy. For a discussion o f the chemical and 
biochemical similarities of iron and plutonium, readers are referred to the literature^^.
In addition these authors^^ pointed out these ligands are easily made and purified in 
large quantities and have desirable solubility properties.
B. Removal of toxic elements.
DTPA salts are used for complexing metal cations o f high coordination numbers such 
as the transuranic elements. The problem again, is the lack o f selectivity. However Ca- 
DTPA is the current drug used for plutonium decontamination^^.
C. Anticancer-related drugs
The use o f EDTA as an anticancer drug has been discussed by various workers"^^. 
They suggested that the use of complexing agents could inhibit the growth o f tumour 
by interacting with metalloenzymes which are necessary for the growth o f malignant 
cells. Thus, EDTA could be used for this purpose but no significant antitumour activity 
has been found. This is explained in terms o f polarity. EDTA is a highly polar molecule 
due mainly to the presence of carboxylic groups and as such it is not expected to 
penetrate readily to vulnerable intracellular sites. Therefore, the synthesis o f EDTA 
derivatives was focused on to the production o f less polar substances than EDTA. 
Thus, the methyl and ethyl esters o f EDTA were synthesized but they did not show 
antitumour activity^^. Although, these compounds can link metal cations {i.e. Cu^"^), 
their complexes are easily hydrolized^^.
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Imides o f EDTA were prepared (See section 1.3.3, Fig 1.19a and 1.19b). Laboratory 
tests have shown that these compounds are efficient for the inhibition o f malignant 
growths. The anticancer activity is likely to be related to the inhibition o f the metal 
cations in metalloenzymes. This statement is supported by the work carried out by 
Nolan and co-workers^^»^^.
These authors stated that these kind of compounds are metabolized intracellularly and 
the metabolites (three metabolites are suggested) are thought to be potential chelating 
agents likely to interfere with metalloenzymes. In effect, the hydrolysis o f Razoxane™ 
(ICRF-159; 1,2-bis(3,5-dioxopiperazin-1 -yl)propane, fig. 1.19b) was studied^^»^^ and 
two o f the tliree probable metabolites have been isolated. Synthesis, 
spectrophotometric and potentiometric sudies of the metallic complexes (with Cu^’^ ) 
are reported and structures of these complexes were suggested. However, some 
reports in the literature^^'^^ appear to indicate that Razoxane™ is a dangerous drug 
since it could lead to secondary or side effects.
The use o f some derivatives of EDTA and complexones {te DTPA) known as 
bifunctional chelating agents is an area of current interest43-46^ particularly for their 
application in radiolabelling and as tumor-imaging reagents. Thus, a number o f 
bifunctional derivatives (Fig. 1.18) have been reported^^.
These bifunctional compounds are able to complex ^^^In which is generally chosen as 
radiometal for use in scintigraphy. Indium EDTA and DTPA complexes exhibit high 
stability constants in water as reaction medium (log Kg = 24.95 and 29.0 respectively, 
at 293 K, at ionic strength, I = 0.1 mol dm"^, KNOg)^ .
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Another interesting aspect of the applications of bifunctional compounds is that these 
can be linked to monoclonal antibodies (MoAb), without affecting the 
inmunoreactivity o f the latter^^. Thus, high specificity binding occurs between MoAb 
and TAG-72 (tumour associated glycoprotein) found in human colon and breast 
cancer.
The antibody-antigen reaction between the radiometal-labelled MoAb and TAG-72 
occur and therefore, the tumour can be localized.
Current results indicate that radiometal-labelled MoAb could become a useful clinical 
tool for diagnosis and treatment o f cancer.
1.4.3 The Use of EDTA as Extracting Agent
Since EDTA shows remarkable complexing properties, its use as extracting agent has 
received some attention. However, this is limited by the polarity o f the molecule (due 
to the presence of carboxylic groups) which makes EDTA not very soluble in organic 
solvents commonly used for extraction purposes (CHCI3 , C^^H^CN, n-butan-l-ol, etc)
Some extraction methods^^ make use of EDTA as a masking agent to facilitate the 
transfer o f the metal cation to the organic phase.
The stoichiometry of the metal cation-EDTA complexes is often 1 : 1. At sufficiently 
high pH, anionic complexes may also be formed. In the presence of organic cations, it 
is expected that single charged complexes are better extracted than multiple charged
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ones. It may also be expected that the nature o f the solvent plays a major role in the 
extraction process. Hence, the cationic part in the hydrophilic anionic EDTA complex 
will have a decisive influence on the extraction o f the cation. This was shown in the 
research performed by Zolotov They reported the extraction o f Fe(III) and
Th(IV) from solutions containing EDTA in the presence o f tetraphenylarsonium 
chloride (AsPh^Cl, TP A) and diphenylguanidinium chloride [(PhNH)2 C=NH2 Cl), 
DPG]. These authors found that Fe(III) and, to an even greater extent, Th(IV) can be 
extracted by a number o f solvents. However, in the absence o f TP A and DPG, these 
cations are not extracted from EDTA solutions; nor does extraction takes place 
without EDTA, even if TPA and DPG are present in high concentrations. The 
extraction o f Fe(III) was studied in more detail. It was shown that the solvent plays a 
crucial role in this process. Thus, the extraction is enhanced by using a mixture o f an 
alcohol (> 4 C atoms) with a highly polar solvent (nitromethane, nitrobenzene) , such 
as a 1 : 1  isobutanol-nitromethane mixtures.
The success of the extraction [FeEDTAj'^TPA’^ l (Compound 1 : 1 ) reported by 
Zolotov is based upon in the highly favourable free energy o f transfer^^ (A^G°)
o f TPA (Ph^As"*") from water to nitromethane (A^G°= -32.64 k Jmole'^) and 
Nitrobenzene (A^G° = -36.07 k Jmole"^)(see table 1.9). Furthermore, solvation is likely 
to play an important role in the interaction between the hydrophilic metallic complex 
and solvents such as nitromethane/isobutanol.
Extraction o f trivalent actinides and lanthanides EDTA complexes have been studied 
by Moore^^ using 4-methyl-2-pentanone (Methyl Isobutyl ketone, MIBK) as the 
organic phase. Primary, secondary and tertiary amines o f high molecular weight were 
used as source o f organic cations. These were pre-treated with a solution 0 . 1  mol dm"^
51
disodium-EDTA. Hence, Moore proposed that the extraction process takes place as 
follows,
M3+(H20) + H2Y2“(H20) ^______MY"(H20) + 2H+(H20) (1.9)
MeY"(H2 0 ) + R^NHYCorg) ^  RgNH'*'MeY"(org) + Y“(H2 0 ) (1.10)
where M '^*' refers to a trivalent lanthanide or actinide ion, H 2 Y" is the EDTA anion, 
R 3 NHY is the amine-EDTA compound. A very efficient extraction (> 95 %) in a wide 
range o f pH was achieved for Am^"  ^ and Eu^^ when Primene (a mixture of C^g - C2 2  
primary amines) were used.
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It seems reasonable that EDTA is unable to surround the ion due to the relative large 
ionic radii Am and Eu. Consequently the amine may enter into the coordination sphere, 
therefore the extraction is enhanced due to solvation of o f the ion-pair.
Further work carried out by Moore^^, Aliquat 336 ("Tricapryl méthylammonium 
chloride". Alkyl group mainly octyl and decyl; molecular weight RgCH^N^Cl ~ 450) 
was used as the organic cation with xylene as the organic solvent. Some representative 
extraction data are shown in table 1 . 1 0 .
Table LIO  : Liquid-liquid Extraction of Americium^^i and 
Europiumi52-4 Tracers with 20 % Aliquat in Xylene
Aqueous Phase Percentage 
of T racer Extracted
Disodium EDTA/ pH E u152-4
mol dm"^
0 . 0 0 2 1 . 8 < 1 . 0 < 1 . 0
0 . 0 0 2 3.1 82.6 6 8 . 6
0 . 0 0 2 3.4 92.8 78.4
0 . 0 0 2 4.7 98.4 95.0
0 . 0 0 2 7.1 97.5 93.6
0 . 0 0 2 9.1 99.1 97.6
0 . 0 0 2 9.6 99.5 95.8
0 . 0 0 2 1 0 . 0 >99.9 95.6
0 . 0 0 2 10.3 99.1 93.7
0 . 0 0 2 10.5 96.8 93.1
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A. G eneral Comments
EDTA behaves as a hydrophilic reagent (due to the presence o f tertiary nitrogen and 
carboxylate group) and a flexible molecule. The facts are reflected during the 
complexation process since EDTA may surround the metal cation. This flexibility 
allows conformational changes in which the donor atoms are exposed to the solvent. In 
the work performed by Zolotov^® (See above 1.4.3), the use o f isobutanol was 
desirable since this solvent is able to enter hydrogen bond formation.
These findings suggest that solvents such as 1,2-dichloroethane and dichloromethane 
are not able to solvate [Fe^'^EDTA]"lTPA'*'l, and as a result these are not suitable for 
the extraction o f this ion-pair, despite the favourable free energy o f transfer o f TPA 
from water to these solvents (See table 1.9).
In conclusion, most o f the work carried out using EDTA as extracting agent involves 
three basic characteristics;
i) The presence of a EDTA-metallic complex in the aqueous phase .
ii) The presence of a lipophilic counter ion to favour the extraction o f the ion-pair 
complex.
iii) The use o f a reaction medium capable of solvating the ion-pair.
Therefore, to reverse the inherent solubility properties o f EDTA in water, it is 
necessary to prepare derivatives containing lipophilic groups.
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During the synthesis and design o f EDTA derivatives with selective properties toward 
a given cation, the functional groups attached to the molecule should be carefijlly 
chosen.
B. The Future of Solvent Extraction
Solvent extraction is a veiy well known technique commonly used in the field o f 
analytical chemistiy.
The objective of this technique is to achieve selective separation and concentration o f a 
desirable metal cation. Solvent extraction technology has been the subject o f several 
monographs and reviews^»^^"^^-
Likewise, hydrometallurgy makes use o f solvent extraction to recover metal cations. A 
typical successful application is the separation o f copper(II) by hydroxyoximes^^»^'^ 
(Fig. 1.27). This process, in effect, provides a good representative example of an 
economical and efficient technique^^ for the recovery o f metals from industrial 
sources.
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XOH N\
R
OH
X : C 1 2 H 2 5 "
R t Q H g -
5-dodecyl-2-hydroxybenzophenone oxinie (LIX 64™) 
Fig. 1.27 : A. typical hydroxyoxime
Some o f the advantages and disadvantages o f solvent extraction processes are now 
outlined.
Advantages.-
At laboratory scale,
i) Only simple equipment is required.
ii) For the isolation of some metal cations, solvent extraction is faster than current 
precipitation methods.
iii) This technique allows the recovery o f traces o f metals.
iv) Direct quantification by spectrophotometric methods can be performed if proper 
chromophoric chelating agents are used.
At the industrial level,
v) In primary production, it offers a route to pure metal which avoids sulphur dioxide 
pollution, characteristic of traditional pyrometallurgical methods.
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vi) In secondary production, solvent extraction offers an opportunity to remove 
unsightly tailings heaps for economic reprocessing and redistribution.
vii) It enables (together with ion exchange) effluents from a wide variety o f plants to 
be freed from metallic and other contaminates at reasonable cost. i.e. Hydroxyoximes 
(LIX 64) have been tried^^ in the removal o f copper(II) from sewage sludge in Britain.
D isadvaiitages.-
In the laboratory scale,
i) Toxicity o f the solvents used in extraction procedures
ii) Long and tedious procedures are often involved in isolation, concentration and 
quantification processes.
iii) The disposal of the solvents.
At industrial level,
iv) Solvent extraction plants discharge effluents which contains both organic and 
inorganic compounds that may be environmentally undesirable.
All these problems are being seriously examined under several criteria and the 
solutions seem to be linked to the use of new materials and new technology.
Nowadays, chelating reagents commonly used in solvent extraction are being 
incorporated as anchor groups in polymeric resins. Their use in extraction or 
separation processes may be regarded as a solid-liquid extraction process, which very 
often enables clean and faster operations.
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Depending on the chelating group used, these resins can be highly selective and 
provide and elegant approach for metal recoveiy from complex ores as well as to 
detoxification of industrial and waste water.
Furthermore, the new material may be recovered by proper treatment provided that 
can be easily recycled.
Some o f the research so far reported on new materials containing chelating agents is 
now described.
1.5 POLYMERIC CHELATING RESINS
1.5.1 Introduction
The original idea of grafting a chelating agent into a polymeric resin was suggested by 
Erlenmeyer and Dahn^^. Their work consisted in the chromatographic separation o f 
cation mixtures on a column containing powdered 8 -hydroxyquinoline.
Another early contribution was that by Griessbach^^ in 1940 who valued the inclusion 
o f complexing agents in suitable supports. At the same time Skogseid^^'l^^ suggested 
a macromolecular analogue of dipicrylamine as K+-selective ion exchanger. Other 
contributions in this area are those by Meinhardt^®^ and by Mellor^®^.
By 1950, two different schools emerged on the preparation o f chelating resins. On one 
side, Skogseid put forward the idea that the properties o f organic complexing agents
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would not be altered by their incorporation in polymeric resins. On the other hand, 
Meilor, Gregor^^4 and attempted the preparation o f polymeric resins
containing only responsible organic functional groups during the complexation 
process.
Blasius^^^ in 1967 in a review about polymeric chelating resins stated that despite the 
fact that several new polymeric resins have been prepared, only a few have been 
studied in detail. Blasius concluded his review emphasizing the need o f further research 
in this area.
However, with the advent of new chemical reactions and reagents, new compounds 
and polymers were reported. There is no doubt that two discoveries in the sixties had a 
significant impact in the field of chelating resins and contributed significantly to their 
development. These are:
i) The application o f organic polymers in organic synthesis introduced by Merrifield^®^ 
(Honoured with the Nobel Prize in 1984) and their application to the protein 
synthesis^^^, usually called solid-phase protein synthesis; and
ii) The discovery o f the crown ethers by Pedersenf^^ in 1967 and the ciyptands^^^ by 
Lehn (both honoured with the Nobel Prize in 1987) and their applications as anchor 
groups into polymeric networks^ ^ ^ > 1 1 1  as well as their potential use in organic
c h e m i s t r y  D 2 , 1 1 3
In recent years, there have been many efforts to develop new chelating reagents with a 
wide variety o f applications in:
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i) Analytical Chemistry : For the separation and concentration o f metal ions from 
complex mixtures. Their use make their identification and quantification processes 
faster and reliable.
ii) Synthetic work: The development o f powerful catalytic agents which can be easily 
recovered as well as the design of polymeric systems to mimic-enzymes.
iii) Industrial applications: This is one of the most elegant approaches to achieve the 
purification or separation of a metal cation from complex ore mixtures. Furthermore, 
their use in detoxification of waste streams is another important goal. In effect, their 
use have a remarkable positive effect from an environmental point o f view.
1.5.2 Materials Used in The Preparation of Chelating Resins
Chelating resins are characterised by high selectivity which depends on several factors, 
such as, the kind o f chelating agent, the way in which this is attached into the 
polymeric matrix as well as the nature of the polymeric f r a m e w o r k D 4  xhe kinetic o f 
the uptake o f cations by the resin and the capacity of the latter will depend on these 
factors. All o f them are linked to each other in the efficiency o f the resin to extract 
cations.
1.5.3 Some Typical Reactions Leading to the Preparation of Chelating Resins
Several very well known chelating agents such as 8 -hydroxyquinoline, a-nitroso-p- 
naphthol, crown ethers, cryptands among others have been fitted into polymeric 
networks. Several methods as well as different matrices have been used. Some o f the 
most commonly used methods are briefly d e s c r i b e d ^ 16
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A, Polyaddition of Vinyl Monomers
This procedure (Fig. 1.28) involves the basic polymerization reaction between 
styrene(l) and divinylbenzene(2 )^l^
CH=CH2
O '
CH =C H 2  
6
CH—CH2
1. Heat
2. Toluene
3. Azaisobutironitrilo
(1) (2)
polystyrene
Fig, 1.28 : Basic Polymerization reaction
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Based on this reaction, several polymeric resins have been synthesized.
A representative example^ is that for 4-vinyIbenzo-18-crown-6 (3) shown in Fig. 
1.29.
0
C H -C H g
n = 2
(3)
n = 2
Fig. 1.29 : Vinyl polymerization oflS-crown-6
B. Polycondensation
Polycondensation is one o f  the oldest and most common ways to achieve a polymeric 
compound. Dicarboxylic acids, diesters, dialdehydes, diols, dithiols, phenols and active 
aromatic compounds are bifimctional reactants which condense readily to form linear 
homopolymers or are cross-linked to insoluble materials. A representative example is 
that for the condensational^ o f resacetophenone oxime (4) with formaldehyde leading 
to the polymer (5) as shown in Fig. 1.30.
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CHs N-OH
.OH
9OH
(4)
Resacetophenone oxime
HCHO
CH N-OH
OH100 C
oxalic acid
OH
(S)
Fig. 1.30 : Polycondensation of Resacetophenone oxime(4)
C. Modification of Polymeric Networks
This is one o f the most popular methods to graft chelating agents to polymeric 
networks. Different kind o f polymers particularly polystyrene are available in various 
forms and shapes and these can be functionalized by suitable reactions such as 
c h lo ro m é th y la tio n ^ ^ ^ 'nitration^^^"!^^ and alkylation^^"^. These afford derivative 
resins, able to react with chelating agents.
Chloromethylated polystyrene (6 ) (called usually Merrifield's peptide resin) is a very 
important polystyrene derivative. The highly reactive chloromethylene group permits 
the attachmentl^^ o f chelating agents such as iV-(2-pyridyl-methyI)-2,2'- 
diaminobiphenyl (7), Fig. 1.31.
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CHgCI
EtqN
(6)
Choromethylated polystyrene
(7)
iV-(2-pyridyl-methyl)-2,2'-diaminobiphenyl
CH—CH
Fig, 1,31 : Chelating reagent attached to Merrifield's resin
Nitration o f polystyrene followed by reduction leads to the introduction o f the amino 
group (8 ), which by diazotation (9) and fiirther reaction with aromatic active groups 
(10) results in the synthesis o f the polymeric material (ll).(F ig . 1.32)
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NH2  
(8)
Polymeric Aniline
C H -C H 2
HCI
NaNOz
0 ° C 9 .N=r^ Cl
(9) (10)
Polymeric Diazonium salt a-nitroso
p-naphthol
CH •CH2 4 7 ,
CH2 NO
OHLOO
(11)
Fig. 1.32 : a-nitroso-p-naphthol attached to a polymeric network
Different chelating reagents can react directly with polystyrene through an alkylation 
reaction as shown in the following scheme^^^ (Fig. 1.33):
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C H -C K
Polystyrene
CH 2 CI
DIÔ AlCIc
N
H+ /C6H5NO2
OH
5-Chloromethyl-8-Hydroxyquinoline
CH—CH 2
CH 2
t e
N'
OH
Polymeric 5-methyl-8-hydroxiquynoline 
Fig. 1.33 : 5-methyl-8~hydroxyquinoline attached to polystyrene
D. A ttachm ent of Chelating Agents to N atural P ro d u c#
Several chelating reagents can be attached to natural materials, such as, silica, alumina, 
polysaccharides, etc. Some examples found in the literature are given below:
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Silica.
i) Izatt and c o - w o r k e r s h a v e  prepared silica gel-bound macrocycles (18-crown-6; 
15-crown-5) as shown in Fig. 1.34.
/ \ o 0
°  0 \  # SILICA
) _\ /Q  0 ^  CH2-0(CH2)3— GEL
Fig. 1.34 : Crown ether attached to silica-gel
Polysaccharides.
i) Chitosan is a natural polysaccharide obtained from fungal organisms and marine 
animals^^^»^^^ {i.e. krill). Modification of chitosan with CS^ afford dithiocarbamate 
chitosan.
ii) Starch previously cross-linked with epichlorhydrine and finally modified to insoluble 
starch xanthate has been successful for binding heavy metals^^®.
iii) Glucose or sucrosemethacrylates are hydrophilic gels introduced by Gruber^^^. 
Several chelating reagents (8 -hydroxiquinoline, dithizone, anthranilic acid, salicylic 
acid and pyrogallol) have been attached to these novel semi-synthetic polymeric 
networks. (Fig. 1,35)
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(OH)
0 — C N = N OH
(OH)n
© - f o - ) -  : GLUCOSEMETHACRYLAT GELV ' m
Fig, 1.35
1.5.4 Applications
A. Analytical Applications
One o f the most common uses o f chelating resins are:
i) Analysis o f traces in sea water: the concentration of metal traces in sea water (i.e. 
Zn(II), Pb(II), Cd(II), Fe(III), Ni(II), Cu(II), U(VI)) which may be present in the low 
part-per-billon (p,g/dm"3) range. Preconcentration of the traces is made using chelating 
resins such as Chelex® 100, 8 -hydroxyquinoline silica-immobilized gel, etc^32-137 
The quantification can be done by direct analysis of the resin (neutron activation^^^ or 
X-ray fluorescence^^^). Alternatively, the ions can be eluted and determined in 
solution by a suitable technique (i.e. atomic absorption).
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ii) Metal ion separation: Extensive work in this area has been carried out by Fritz and 
c o - w o r k e r s F o r  instance, the amide resin (Fig. 1.36) has been used in the 
separation of uranium, thorium and zirconiuml^^.
CH-CH
CH N
OI I
0 — C H 3
CH
Fig. 1.36 : Amide Resin
iii) As Stationary Phases: crown ether polysiloxanes have been used^*^  ^ in the 
identification and separation of position isomers.
iv) Resolution o f Racemic Mixtures : the attachment o f the chiral host crown ether 
{R,R enantiomer to macroreticular cross-linked polystyrene4?-divinylbenzene resin 
(Fig. 1.37) has been used for total optical resolution o f aminoacids and ester salts^^" .^
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Polymer end
Fig. 1.37 ; Chiral Macrocyclic Ligand anchored to a polymeric framework
v) Ultrapiiri/ication o f buffers and ionic reagents: Chelex®-100 resin is often used 
to remove contaminating metal ions from buffer or sample solutions without affecting 
the concentration o f the non-metallic ion^^.
B. Industrial Applications
Among the industrial applications are:
i) Recovery o f metal cations from resources with a low content o f metals: The 
recovery o f metal cations from sources o f great size involves an excellent alternative. 
Sea water can be taken as a representative example. One o f the metals which deserves 
special attention is uranium due to its energetic and strategic properties. It is believed 
that sea water may be an useful resource of this material (5 x 10^ tonnes) Several 
Japanese patents^"^^ have claimed the recoveiy o f uranium from sea water by using the 
novel macrocycle calixarene^^^ attached to polymeric n e t w o r k s ( F i g .  1.38).
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CHz
NH
N
Fig. 1.38 : Calixarene attached to polymer res in
ii) Removal o f toxic elements from water streams: insoluble starch xanthate 
previously cross-linked with epichlorhydrine, has been successfully used in reducing 
heavy metal pollution from the waters o f Illinois State^^^.
C. O rganic Synthesis.
Macrocycle: compounds such as crown ethers and cryptands can be used in organic 
synthesis as phase transfer c a t a l y s t s ^ ^ 8 - 1 5 0  Crown ethers and especially cryptands are 
difficult to prepare and their synthesis involves the use of expensive chemicals and long 
procedures, which limit their use in organic synthesis. However, this disadvantage can 
be eliminated by the use o f easily recyclable polymeric materials containing these
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ligands as anchor groups^^^. For a more comprehensive review on polymer 
applications in organic synthesis, the reader is referred to the literature^^^.
1.5.5 EDTA and related polymers
EDTA has been polymerized under several conditions;
i) With Cellulose: Kahovec et. reported the synthesis o f a cross-linked EDTA
ester o f cellulose. The polymer was prepared by treating bead cellulose with EDTA 
bis-anhydride. (Fig. 1.39)
ii) Condensation: Maeda et. have carried out a condensation reaction using
EDTA-bis anhydride, ^-phenylendiamine and a triamine (Tig. 1.40).
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/ C — CHz, j \ GHz C 
cellulose .  0 ^
\  /  /  
) c - C H z /  C H z - c (
o ' '
( c )— O-COCH2—
/  \  CH2COOH
CH2COOH
^C H gC O O H
CH2COOH
© — O—C O - C H 2 — ^N^CH2— C O -0— (C)
CH2COOH 
: CELLULOSE END
Fig. 1.39 : Polymeric EDTA
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1.6 AIMS OF THE PRESENT WORK
Searching for new and selective ligands for metal cations is an area o f great interest 
due to the potential applications that these ligands can offer in many research areas 
such as chemistry, medicine and biology.
The background information given in the above introduction has encouraged research 
in the preparation o f a new EDTA derivative able to selectively extract Cu(II) over 
other metal cations which are likely to be found with copper in ores.
Therefore, the aims o f this work are described as follows,
i) To synthesize and characterize a new derivative o f EDTA with low water solubility 
and containing in its structure, suitable functional groups which allow the 
incorporation o f the ligand in a polymeric framework.
ii) To investigate the complexing ability o f the new derivative for metal cations using 
various spectrophotometric techniques (uv/visible and IR spectrophotometry). Thus, 
qualitative information on complex formation in solution will lead to further work 
intended to establish the metal-ion complex stoichiometiy and consequently, to derive 
thermodynamic data such as stability constant (log Ks) as well as the contribution o f 
the enthalpy, and entropy to the Gibbs energy o f the complexation process. 
Whenever possible, these data will be derived from titration microcalorimetry.
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iii) Based on stability constant data, attempts will be made to isolate the metal-ion 
complexes and if so, infrarred spectrophotometry and whenever possible. X-ray 
crystallography will be the approach considered to characterise these new entities.
iv) In order to assess the ability o f the ligand to extract metal cations from the aqueous 
phase, distribution data will be measured taking into account the various parameters 
which are likely to be relevant for the process under consideration.
Due to the current interest in the use o f environmentally friendly materials for 
extraction processes as an alternative for solvent extraction technology, attempts will 
be made to anchor the ligand to a polymeric network. Depending on the outcome of 
these investigations, the ability o f the new material as extracting agent for metal 
cations will be investigated.
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SECTION II:
EXPERIMENTAL PROCEDURES
SECTION II : EXPERIMENTAL PROCEDURES
Ail the reagents were purified unless otherwise stated.
Ultraviolet/Visible spectroscopic studies were performed on a Philips 8740 or 8720 
model UY/VIS scanning spectrometer.
Infrared spectra were recorded with a Perkin Elmer 1750 Infrared Fourier Transform 
Spectrometer.
The proton magnetic resonance (NMR) spectra were obtained on a Bruker AC-300 
model. Tetramethylsilane was used as internal standard.
Elemental analysis was carried out in the microanalytical service o f the University o f 
Surrey.
Melting Points were measured in a Kofler equipment.
Thin layer chromatography analysis was performed on Merck 60 F 2 5 4  silica gel 
aluminium pre-coated layers (0 . 2  mm thickness).
2.1 PURIFICATION OF CHEMICALS
2.1.1 Purification of Methanol^^'*
Methanol (Fisons, HPLC grade) was purified according to the procedure described by 
VogeE^^. For methanol, the procedure involves the following reactions;
2 CH3 OH + Mg(solid) H 2 (g) + Mg(OCH3 ) 2  (2.1)
Mg(OCH 3 ) 2  + 2 H 2 O 2 CH3 OH + Mg(OH)2 (solid) (2.2)
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Reaction (2.1) proceeds readily since the magnesium (Mg) is activated with iodine (I2 ) 
and the water content does not exceed 1 %. Subsequent interaction between 
magnesium methoxide [Mg(OCH3 )2 ] and water gives the highly insoluble magnesium 
hydroxide [Mg(0 H)2 ] and methanol (CH3 OH) of high purity.
Magnesium (5 g.) and iodine (0.5 g.) were added to 50 ml o f methanol, the mixture 
was then gently heated until all the iodine had disappeared and, the magnesium had 
been totally converted into magnesium methoxide. The new mixture was refluxed for 
30 minutes. Following this, methanol was further purified by fractional distillation. 
Only the middle fraction of the distillate was collected and used. The water content of 
the purified methanol was checked by Karl Fischer titration and was found to be less 
than 0 .0 2 %.
2.1.2 Purification of thionyl chloride^^^
Thionyl chloride contains traces o f acids and sulphur chlorides; it is essential to remove 
these, before using the reagent for synthetic purposes.
The chemical should be used at once and it is not advisable to store it to avoid 
decomposition. Thionyl chloride (Aldrich, 97%) was first fractionated from quinoline 
(BDH, 98%) in order to remove acid impurities. The distillate was then refractionated 
as before from boiled linseed oil (50 g. of thionyl chloride from 20 ml o f linseed oil), 
the fraction b.p. 76-78°C was collected. A colourless liquid was obtained.
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2.1.3 Purification of Dimethyl Sulphoxide (DMSO)^^^
DMSO is recognized to be an important solvent in organic synthesis.
The solvent is highly hygroscopic and distillation procedures at atmospheric pressure 
cause some decomposition. The solvent was dried by standing overnight over BaO. 
The filtered solvent was refluxed and fractionally distilled from CaH2  under reduced 
pressure (b.p. 74-76° C/20 mmHg). The middle part was collected and received over 
previously activated 4 Â molecular sieves.
The content o f water was determined by Karl Fischer titration and was found to be less 
than 0 . 0 2  %.
2.1.4 Purification of Aiiiline^^^
Pure aniline is a colourless liquid. Even the samples stated as analytical grade has an 
amber colour due to the presence of anilinium oxides.
Highly purified aniline was obtained as follows: Aniline reagent grade was refluxed and 
fractionally distilled from potassium hydroxide pellets under reduced pressure (b.p. 
69-71°C/20 mm Hg) . The middle part was collected . A colourless liquid was 
obtained and used immediately. Storing more than one week causes the production of 
anilinium oxides.
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2.1.5 Purification of Benzene^ '^*
Benzene (BDH, tliiophen free, AnalaR grade) was placed over sodium wire and 
refluxed for several hours. The solvent was protected from the moisture by the use o f a 
guard-tube filled with anhydrous CaCl2 . Then, the product was fractionally distilled. 
The middle part (b.p. 78-80°C at 760 mm Hg) was collected over 4Â molecular 
sieves.
2 .1.6 Purification of Benzyl chloride^^^
The reagent was refluxed and fractionally distilled from anhydrous MgSO^ under 
reduced pressure collecting the middle part (b.p. 58-60° C /20 mm Hg) over 4Â 
molecular sieves.
2.2 VOLUMETRIC STANDARDIZATION TECHNIQUES
Perchlorates of several metal cations were used. Cu(C1 0 4 )2 ’6 H 2 0 , Ni(C 1 0 4 )2 ’6 H 2 0 , 
A1(C 1 0 4 ) 3  9 H 2 O and Hg(C 1 0 4 ) 2  3 H 2 O were purchased from Aldrich.
Fe(C 1 0 4 ) 3  6 H 2 O, Co(C1Ü4 )2 ’6 H 2 0  and Cd(C1 0 4 )2 ‘H 2 0  were purchased from 
Johnson Matthey. Pb(N 0 g) 2  from BDH.
Perchlorates o f these metals are highly hygroscopic and therefore the salts were left 24 
hours over CaCl2  in a desiccator at room temperature. Then, the salts were placed and 
kept in stoppered flasks in a desiccator. The purity o f the salts was checked by 
complexe metric EDTA titration techniques which are described as follow:
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i2.2.1 Quantitative Determination of Copper(II) with EDTA^^^
The indicator used was Fast Sulphon Black, 2-(4-sulpho-l-naphthlylazo)-8-(2- 
hydroxy - 1 -naphthylazo) - 1 -naphthol-3,6-disulphonic acid, which is virtually specific in 
its colour reaction. The presence o f ammonia is essential for colour formation. Copper 
(II) gives a sharp colour change from dark red to dark green.
Procedure.
The indicator solution was prepared by dissolving Fast Sulphon black F in (0.5 g.) in 
de-ionized water ( 1 0 0  ml).
Copper (II) solution (0.01 mol dm"^, 25.0 ml) was pipetted and placed in a conical 
flask to which de-ionized water ( 1 0 0  ml) was added. Ammonia solution ( 6 2 5 0 c = 0 . 8 8
g/ml, c ~ 35%, 5 ml) and indicator solution (5 drops) were added. The resulting 
solution was titrated with standard EDTA solution (0 . 0 1  mol dm"^) until the colour of 
the solution changed from purple to dark green.
1 mole EDTA = 1 mole Cu^^
2.2.2 Quantitative Determination of Nickel(II) with EDTA^®
The indicator used was murexide, 5-[(Hexahydroxy-2,4,6-trioxo-5pyrimidinyl)imino]-
2,4,6 (IH , 3H, 5H )-pyrimidinetrione, monoammonium salt. Nickel (II) forms yellow 
complexes with murexide in alkaline solution . The pH of the solution should be 10 
and therefore NH 4 OH/NH4 CI buffer is used.
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Procedure.
The indicator was prepared by grinding murexide (0.1 g.) in NaCI ( 1 0  g.).The 
NH 4 OH/NH 4 CI buffer pH ~ 10 was prepared by mixing NH 4 CI (70 g., BDH, AnalaR) 
with ammonia solution(570 ml 6 2 5 0 ^ = 0.88 g/cm^; c -- 35%) to which de-ionized
water was added until the volume was one litre.
Nickel (II) solution (0.01 mol dm"^, 25.0 ml) was pipetted and placed in a conical flask 
to which de-ionized water ( 1 0 0  ml) was added. Buffer pH 10 (5 ml) an the indicator 
(~ 50 mg) were added. The resulting solution was titrated with standard EDTA 
solution (0 . 0 1  mol dm"^) until the colour of the solution changed from yellow to violet.
1 mol EDTA = 1 mol Np+
2.2.3 Quantitative Determination of Cobalt(II) with EDTA
Two different direct titration methods, hence two different indicators (murexide and 
pyrogallol red) have been used for the quantitative determination o f cobalt (II) in 
aqueous solution.
Procedure, (murexide as indicator)^*^
Cobalt (II) solution as perchlorate (0.01 mol dm"^, 1 0 . 0  ml) was pipetted and placed in 
a conical flask to which de-ionized water (50 ml) and a dispersion o f the indicator (~ 
50 mg) were added. Then, a few drops o f ammonia solution (5.0 ml NH 4 OH, 6 2 5 0 ^=
0 . 8 8  g/ml, c ~ 35% made up to 100 ml with de-ionized water) were added. An orange- 
yellow solution was obtained and it was titrated with standard EDTA solution (0.01 
mol dm"3). During the course of the titration, a violet colour was developed. One or 
two additional drops o f ammonia solution were added until the yellow coloration was
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restored. The end point was when no further change of coloration from violet to 
yellow was observed.
Procedure, (Pyrogallol red as indicator)^^
The indicator solution was prepared by dissolving Pyrogallol red (0.05 g.) in a volume 
( 1 0 0  ml) o f a 50% ethanol-water mixture. Equal volume o f NH 4 CI (1 mol dm"^) and 
NH 4 OH (1 mol dm"^) were mixed to prepare a buffer solution.
Cobalt (II) perchlorate solution (0.01 mol dm~ ,^ 10.0 ml) was pipetted and placed in a 
conical flask to which de-ionized water (50 ml), buffer solution (10 ml) and the 
indicator solution (15 drops) were added. The resulting solution was titrated with 
standard EDTA solution (0.01 mol dm"^) until the colour o f the solution changed from 
blue to red wine.
1 mol EDTA = 1 mol Co^”^
2.2.4 Quantitative Determination of Iron(III) with EDTA^^^
The indicator used was Variamine blue (1 % aqueous solution).
Procedure,
To an aqueous solution containing iron (III) perchlorate ( < 1 0  mg) in an acidic 
solution ( 1 0 0  ml) containing sodium acetate (10%) (pH 2-3) and the indicator solution 
(5 drops) were added. The content of the flask was warmed to 40-50° C and titrated 
with standard EDTA solution (0.01 mol dm'^) until the initial blue colour o f the 
solution turned grey just before the end point. A final drop o f reagent produced a 
colour change from grey to yellow.
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______
1 mol EDTA = 1 mol
2.2.5 Quantitative Determination of Aluminium(IlI) with EDTA^^^
For the quantitative determination o f Al (III), a back titration method was used. The 
indicator was prepared by grinding Eriochrome Black T (0.1 g.) in NaCl (10 g.). An 
aqueous solution o f aluminium (III) perchlorate (0.01 mol dm"3, 25.0 ml) was pipetted 
and placed in a conical flask. A slight excess o f EDTA standard solution (0.01 mol 
dm'3) was added.
The pH o f the solution was adjusted to 7-8 by the addition of ammonium solution. The 
solution was boiled for a few minutes to ensure complete complexation o f the 
aluminium and then cooled down at room temperature. The pH was readjusted to 7-8. 
The indicator (50 mg) was added and the mixture was titrated rapidly with standard 
zinc sulphate solution^® (0 , 0 1  mol dm'^) until the colour changed from blue to wine 
red.
For the calculation, it was considered that each ml difference between the volume o f 
EDTA solution added to the zinc sulphate solution used in the back titration 
corresponded to 0.2698 mg o f aluminium.
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2.2.6 Quantitative Determination of Cadmium(II) and Lead(ET) with EDTA^^»^^
Cadmium (II) and lead (II) perchlorates were determined by direct titration in alkaline 
medium using NH 4 OH/NH4 CI pH 1 0  buffer solution (as stated in 2.2.2). A dispersion 
o f Eriochrome Black T in sodium chloride (1%) was used as indicator.
Procedure for cadmium (II).
Cadmium (II) solution (0.1 mol dm"^, 1.0 ml) was pipetted and placed in a conical 
flask to which de-ionized water (100 ml) was added. Buffer solution (3 ml) and the 
indicator (~ 50 mg) were added. The solution was titrated with standard EDTA 
solution (0.005 mol dm"^) until the colour o f the solution changed from red to blue.
1 mol EDTA = 1  mol Cd^+
Procedure for lead (II).
Since lead (II) precipitates in alkaline medium, tartaric acid must be added to avoid 
such precipitation.
Lead (II) solution (0.1 mol dm“3, 1.0 ml) was pipetted and placed in a conical flask 
with de-ionized water (50 ml). A spatula endful of tartaric acid was added and the 
solution was swirled thoroughly. This was followed by the addition o f buffer (3 ml) 
and the indicator. The solution was titrated with standard EDTA solution (0.005 mol 
dm"^) until the colour of the solution changed from red to blue.
1 mol EDTA = 1 mol Pb^+
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2.2.7 Quantitative Determination of Mercury(II) with EDTA^^
Mercury (II) can be determined by EDTA substitution titration in alkaline medium ( 
NH 4 OH/NH 4 CI buffer, pH 10), in the presence o f magnesium complexonate (MgY) 
solution.
Procedure.
i) P reparation  of 0.1 mol dm“^  magnesium complexonate ( M gY ).
Magnesium (II) sulphate solution (0.1 mol dm"^, 20.0 ml) was pipetted and placed in a 
conical flask to which de-ionized water (100 ml), buffer solution (5 ml, 
NH 4 OH/NH 4 CI) and the indicator (Eriochrome Black T 1% dispersion in sodium 
chloride) were added. The solution was titrated with standard EDTA solution (0.1 
mol dm'^) until the colour of the solution changed from red to blue. So, magnesium 
(II) sulphate solution (0.1 mol dm"^) was mixed with exactly the amount o f EDTA 
solution (0 . 1  mol dm'^) found in the titration.
ii) M ercury (U) perchlorate titration. (Eriochrome Black T 1% dispersion in sodium 
chloride was used as indicator).
Mercury (II) perchlorate solution (0.1 mol dm'^, 1.0 ml) was pipetted and placed in a 
conical flask to which de-ionized water (50 ml), magnesium complexonate solution 
(0.1 mol dm'^, 2.0 ml), buffer solution (NH4 OH/NH4 CI, 4 ml) and the indicator were 
added. The solution was titrated with EDTA standard solution (0.005 mol dm"^) until 
the colour of the solution changed from red to blue.
1 mol EDTA = 1 mol Hg^"^
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2.3 SPECTROPHOTOMETRIC DETERMINATIONS
Since extraction experiments were carried out by using butan-l-ol saturated with 
water as organic phase, the spectrophotometric quantification o f metal cations were 
conducted in tliis phase, using chromo phoric reagents such as sodium 
diethyldithiocarbamate, dithizone, 8 -hydroxyquinoIine and ammonium tliiocyanate. All 
the metallic salts used in these experiments were previously standardized by EDTA 
procedures.
2.3.1 Spectrophotometric determination of Copper (H)
A. Reagents
Sodium diethyldithiocarbamate (0.6250 g., Fluka, puriss. p.a.) dissolved in methanol 
was placed in a volumetric flask and methanol was added until a volume o f 250 ml o f 
the solution was obtained.
Copper (II) perchlorate stock solution (250 pg/ml ) in butan-l-ol saturated with water 
was prepared by dissolving a proper amount o f Cu(C1 0 4 )2 '6 H 2 0 . An accurate volume 
(5.0 ml) o f the stock solution was pipetted and diluted to 1 0 0 . 0  ml in a volumetric 
flask with butan-l-ol saturated with water. This solution contained 12.5 p.g/ml of 
copper (II).
B. Procedure.-
A calibration curve was constructed as follows: Several aliquots (0.5, 1 .0 , 2.0, 4.0, 6 . 0  
and 8 . 0  ml) o f copper (II) solution (12.5 pg/ml) were mixed with sodium
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diethyldithiocarbamate solution (5.0 ml) into volumetric flasks and made up to 25.0 ml 
with butan-l-ol saturated with water. A blank sample was also prepared.
The wavelength of maximum absorption (434 nm) was found from scanning between 
300-600 nm (Fig. 2 .1 ). The molar absorption coefficient was calculated, (e = 13588 ± 
23 dm^ mol"^ cm'^).
Fig. 2.1 ; Absorption Spectra of Cu(II)-diethyIdithioearbainate
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2.3.2 Spectrophotometric determination of nickel (II)
Diethyldithiocarbamate was used as a chromophoric reagent and the procedure was 
similar to that described for the copper (II) determination. The wavelength of 
maximum absorption (324 nm) was found from scanning between 200-600 nm (Fig. 
2.2). The molar absorption coefficient was calculated.(s = 35934 ± 171 dm^ mol'^ 
cm"i).
i
Fig, 2.2 : Absorption Spectra of Ni(II)-DiethyIditliiocarbamate
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2.3.3 Spectrophotometric Determination of Cobalt (D)
A. Reagents.
Diphenylthiocarbazone (0.0283 g, Aldrich) dissolved in acetone was placed in a 
volumetric flask and acetone was added until a volume of 50 ml of the solution was 
obtained.
Cobalt (II) perchlorate stock solution in butan-l-ol saturated with water (250 pg/ml) 
was prepared by dissolving a proper amount o f Co(C1 0 4 )2 ’6 H 2 0 . An accurate volume 
(5.0 ml) was pipetted and diluted to 100 ml in a volumetric flask with butan-l-ol 
saturated with water. This solution contained 12.5 |Xg/ml o f cobalt (II).
B. Procedure.-
Aliquots (0.5, 1.0, 2 .0 , 4.0, 6.0 ml) of cobalt (II) solution (12.5 pg/ml) were mixed 
with diphenylthiocarbazone solution (5.0 ml) and made up to a volume o f 25.0 ml with 
acetone in volumetric flasks. A blank sample was also prepared.
The wavelength of maximum absorption (513 nm) was found from scanning between 
380-700 nm (Fig.2.3). The molar absorption coefficient was calculated, (e = 31394 ± 
509 dm^ mol"^ cm"^).
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Fig, 2.3 : Absorption Spectra of Co(II)-Dipheiiythiocarbazone
2.3.4 Spectrophotometric Determination of Aluminium (HI)
A. Reagents.
8 -hydroxyquinoline (0.4 g) in methanol (100 ml) and an aluminium (III) perchlorate 
solution (12.5 |ig/ml) were prepared.
The latter solution (12.5 |Xg/ml) was prepared as described above for the other metal 
cations.
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B. Procedure.
Aliquotes (1.0, 2.0, 3.0, 4.0 and 6 . 0  ml) of Al (III) solution (12.5 |Xg/ml) were mixed 
with 8 -hydroxyquinoline solution (5.0 ml) and water saturated butan-l-ol (5.0 ml). 
Then, methanol was added to make up a volume of 25.0 ml in volumetric flasks.
The wavelength of maximum absorption (367 nm) was found from scanning between 
300-500 nm (Fig. 2.4). The molar absorption coefficient was calculated (s = 10318 ± 
472 dm  ^m ol'l cm"^).
Fig, 2,4 : Absorption Spectra of Al(III)-8-Hidroxyquinoline
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2.3.5 Iron (HI) determination
A. Reagents.-
Ammonium thiocyanate (Fluka, puriss. p.a.; 20 g.) dissolved in methanol was placed in 
a volumetric flask and diluted with the same solvent to 1 0 0  ml.
Ethanolic solutions o f perchloric acid (B.D.H., c = 60%, 025°c ^  k54 g/cm^) (0.25 
mol dm“^ ) and iron (III) (12.5 |Lig/ml) were prepared as described for other metal 
cations salts.
B. Procediire.-
Aliquots (0.5, 1.0, 2.0, 3.0 and 4.0 ml) of iron (III) perchlorate solution (12.5 |ig/ml) 
were mixed with thiocyanate solution (5.0 ml) in volumetric flasks. To this mixture, 
perchloric acid solution in ethanol (5.0 ml), butan-l-ol saturated with water (5.0 ml) 
were added, A volume o f 25.0 ml was obtained by the addition o f ethanol.. A blank 
experiment was carried out.
The wavelength of maximum absorption (494 nm) was found from scanning between 
200-800 nm (Fig. 2.5). The molar absorption coefficient was calculated (e = 14575 ± 
204 dm 3 mol"l cm"^).
Although these spectra [Fig. 3.34 (Ni); fig. 3.35 (Co); fig. 3.36 (Al)] are noisy, 
satisfactory calibration curves were obtained (See fig. 3.34, p.96; fig. 3.35, p. 198 and 
fig. 3.36, p. 199).
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Fig. 2.5 : Absorption Spectra of Fe(III)-Thiocyanate
2.4 SYNTHESIS OF ETHYLENEDIAMINE 
TETRAACETANILIDE
Ethylenediamine tetraacetanilide(5) was synthesized in two steps (Fig. 2,6) consisting 
of:
i) synthesis o f the tetramethylester o f the ethylenediamine tetraacetic acid (Me^EDTA, 
(3)) through the estérification^^ of the ethylenediamine tetraaceticacid(l) with 
methanoI(2 ), and
ii) Aminolysis^^^ o f the tetramethylester o f ethylenediaminetetra acetic(3) acid with 
aniline(4).
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Fîg. 2.6 : Synthesis of Ethylenediamine tetraacetanilide (5)
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Expérimental
1H NMR spectra in CD3 COCD3  and CDCI3  were recorded at 300 MHz using a 
Bruker AC-300 instrument and tetramethylsiiane was used as internal standard.
Chemicals.
Ethylenediamine tetraacetic acid, EDTA (BDH, AnalaR) was used as purchased. 
Methanol (Fisons, HPLC grade) was dried previously. Thionyl chloride (Aldrich, 97%) 
was twice distilled. Dimethyl sulphoxide, DMSO (Fisons, 99%) and aniline (BDH, 
AnalaR) were purified and dried according to the procedures described in section 2 . 1 . 
Sodium hydride (60% dispersion in mineral oil, Aldrich) was used as purchased. Thin 
layer chromatography was performed on Merck Kieselgel 60 F 2 5 4  silica gel aluminium 
pre-coated layers (0 . 2  mm thickness)
2,4.1 S y n t h e s i s 6 7  of Tetramethyl ester of Ethylenediamine Tetraacetic acid 
Me^EDTA (3)
In a three-necked round-bottomed flask (2 I) equipped with a mechanical stirrer, a 
thermometer and a pressure equalizing addition funnel, EDTA (1) (250 g, 0 . 8 6  mol) 
and anhydrous methanol(2) (1.15 I) were placed. All the system was carefully 
protected from moisture. The white suspension formed was cooled in an ice-salt bath. 
From the addition funnel, freshly distilled thionyl chloride (85 ml) was dropwise added 
under vigorous stirring. The temperature (below 1 0 ° C) was carefully controlled. The 
mixture was left under stirring for 2 2  hours after which a white suspension was 
obtained. The addition funnel was replaced by a double surface condenser carrying a 
guard-tube filled with anhydrous CaCl2 . The suspension was gently refluxed (5 hours) 
until the white solid completely dissolved. Then, the methanolic solution was cooled
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down at room temperature. Afterwards, the solution was neutralized with NaHCOg 
saturated solution and then an excess was added until alkaline pH. The methanolic- 
aqueous solution was three times extracted with ether. The combined ether solutions 
were dried over anhydrous sodium sulphate, filtered and the solvent removed under 
reduced pressure in a rotaiy evaporator. The residual liquid was distilled under high 
vacuum. Only the middle part of the distillate (b.p. 174-176°C at 0 . 0 2 0  mm Hg); (189- 
191°C at 3 mmHg)^^ was collected.
Found: C, 48.40%; H, 7.15%; N, 8.05%. Calculated for C 1 4 H 2 4 N 2 O 8  : C, 48.27%; H, 
6.95%; N, 8.04% .
IH-NMR 0ppm(300 MHz, CD3 COCD3  ), 2.86 (4H, s), 3.61(8H, s), 3.64(12H, s).
2.4.2 Synthesis of Ethylenediam ine Tetraacetanilide
Dry DMSO (50 ml), sodium hydride 60% dispersion in mineral oil (3.1 g., 78 mmol) 
and freshly distilled and diy aniline(4) (8.0 ml, 8 8  mmol) were placed in a three­
necked, round-bottomed flask (250 ml) equipped with a magnetic stirrer, a rubber 
septum, a reflux condenser and an addition funnel, both cariying guard-tubes filled 
with anhydrous calcium chloride. The mixture was cooled in an ice-salt bath. 
Me4 EDTA (3) (5.3 g., 5 mmol) solution in dry DMSO (30 ml) was added dropwise 
allowing a smooth reaction. The stirrer was left on (at this stage, some DMSO was 
solidified) during the reaction. After 19 hours (the ice-salt bath has already melted) at 
room temperature, a dark brown solution was obtained. An aliquote was taken 
through the rubber septum and tested by thin layer chromatography. The elution 
solution was a mixture ethyl acetate/hexane (15:5). A spot o f a new product just on 
the baseline was seen either with ultraviolet light (254 nm) (if plates have fluorescent 
indicator) or with iodine vapours.
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The dark brown solution, then was poured in a fine stream onto cracked ice under 
vigorous stirring. The yellow mixture was filtered under vacuo. The solid residue was 
washed several times with hexane, ethanol and then water. The white product was left 
in a desiccator and finally crystallized twice from an hexane/ethanol mixture.
Yield: 35 %
Found: C, 68.93%; H,6.09%; N, 14.24%. Calculated for Cg^HggNgO^ : C, 68.90%; 
H, 6.12% ;N, 14.17%. 
m.p. 160-162°C
HCVmax (KBr), 3233, 3183 (NH); 1682 (C=0) and 1658 (CO N H ) cm"l 
iH-NM R 0ppm(300 MHz, CDCI3 ), 2.86 (4H, s), 3.46 (8 H, s), 7.07 (2 H, t), 7.23 
(lH ,t), 7.54 (2H,d), 9.04(4H, s).
2.5 DISTRIBUTION EXPERIMENTS
The extraction ability o f ethylenediamine tetraacetanilide for cations (C u ^ \ N i^ \ 
Co^ "*", Al^+ Fe '^*') in the water-butan-l-ol solvent system was tested. Both solvents 
were previously saturated in order to avoid volume changes o f the phases during the 
extraction procedure.
All the experiments were carried out at 298 K and the ionic strength in the aqueous 
phase was kept constant (I = 0.1 mol dm'^, LiClO^).
For the extractions experiments, two variables were considered. These are: the 
concentrations of:
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i) hydrogen ions in the aqueous phase; ii) ligand in the aqueous phase.
2.5,1 Extraction of metal cations at different hydrogen-ion concentration in the 
aqueous phase.
A. Reagents
i) Ligand solution,
Ethylenediamine tetraacetanilide in water saturated butan-l-ol solvent (1.0 x 10'^ mol 
dm"3) was prepared.
ii) Perchloric acid solution,
A solution o f perchloric acid was prepared and standardized potentiometrically with a 
tris-hydroxyaminomethane solution (30.0 ml, 0.0275 mol dm'^). For this purpose a 
Philips PW 9409 digital pH meter, (equipped with a saturated calomel electrode and a 
standard glass pH electrode) was used. The pH measuring system was calibrated using 
pH 4 and 9 buffer solutions. The titration was performed in a double-jacket reaction 
vessel which was thermostated at 298.15 ± 0.05 K. The end point o f the titration was 
found by the grapliic method of the second d e r i v a t i v e T h e  experiment was 
done in triplicate.
Hi) Metal ion salt solutions.
Perchlorates o f different cations (Cu^" ,^ NP+, C o ^ \ A l^ \ Fe^"^) in water saturated 
with butan-l-ol (2.4 x 10"4 mol dm"^) at different hydrogen-ion concentrations were 
prepared . These were controlled by the addition of standard perchloric acid solution
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(0.0508 mol dm"3) in water. The ionic strength was kept constant (1 = 0 . 1  mol dm’^) 
using LiClO^ (Aldrich) as the support electrolyte.
B. Procedure
An accurate volume (10.0 ml) o f aqueous phase (I = 0.1 mol dm“^ ) containing the 
metal cation at different hydrogen-ion concentration and an accurate volume ( 1 0 . 0  ml) 
o f the organic phase containing the ligand were placed in stoppered flasks. They were 
shaken during ten minutes with a mechanical shaker (Griffin flask shaker) at half speed. 
All the experiments were done in duplicate. The flasks were left overnight in a 
thermostatic bath at 298.15 ± 0.05 K. Finally, the flasks were centrifuged (2500 rpm, 
ten minutes) and the metal ion concentration in the organic phase was determined by 
the spectrophotometric methods as described in section 2.3.
2.5.2 Extraction Experiments at Different Concentration of Ligand
Accurate volumes (10.0 ml) of the aqueous phase containing the metal cation to be 
extracted (2.5 x 10'^ mol dm’^) and of the organic phase containing different ligand 
concentrations (from 0 to 2.9 x 1 0 "^  mol dm"^) were placed in stoppered flasks which 
were shaken during ten minutes and left overnight in a thermostatic bath at 298.15 ± 
0.05 K. The procedures used for the separation and the quantification o f the metal 
cations in the organic phase were as described above; see section 2.5.1.
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2.6 COMPOSITION OF EXTRACTED SPECIES
The formation o f a complex in solution is often accompanied by the appearance o f a 
colour, hence ultraviolet/visible spectrophotometric studies can be carried out.
The composition o f metallic complexes can be determined tlirough several 
spectrophotometric methods as for instance, continuous variation, molar ratio, slope 
ratio
Continuous variation or most commonly called Job's method is a technique widely 
used for identifying the stoicliiometry of the predominant complex. In addition, it may 
give a general idea about the complexes present in solution.
For a general reaction:
M"+(s) + yL(s) [MLy]n+(s) (2.3)
Assuming that the ligand is neutral, the amount o f complex ion in solution can be 
determined spectrophotometrically for various ratios o f to [L]; the total
concentration of metal ion (c^) and ligand ( c j  is kept constant (eqn. 2.4)
c^ + c^ = k (constant) (2.4)
Measurements o f absorbance at a suitable wavelength will show a maximum when the 
ratio o f ligand to metal is equal to that in the complex.
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The classical procedure calls for mixing aliquots of equimolecular solutions of 
and L (perhaps followed by dilution to a constant volume) so that the total
concentration o f + L remains constant.
2.6.1 Theoi'yl** .^
Let Cl, C2  and C3 denote the concentrations of M^+, L and [MLy]* f^y respectively. 
Mixtures of L and M^"  ^are prepared by mixing molar solutions in the ratio x : (1-x) by 
volume. Thus keeping the total concentration constant (eqn. 2.4)
Cl = a ( l - x )  - C3 (2.5)
C2 = ax - yc3 (2 .6 )
c, . c^ = K . C3 (2.7)
In eqn.2.7, K = equilibrium constant for the process represented by eqn.2.3. The
dcconditions for a maximum in the plot ofcagainst x is that — -  = 0ch.
Differentiating equations 2.5, 2.6 and 2.7 with respect to x
^  = - a  .  ^  (2 .8 )ch ch
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+ y c , c f ' ^  = (2 . 1 0 )(h  fiK dx
d cIneqn .2 . 1 0 ; —^  = 0  (2 . 1 1 )(h
+ yc,c;-' ^  = 0  (2 . 1 2 )ch ch
Dividing eqn.2.12 by c^’' gives
=2 ^  + y c , ^  = 0 (2.13)ox ch
Taking into account eqns.2.8, 2.9 and 2.11, the following eqn.2.14 is obtained. 
- c^a + yc^a = 0 (2.14)
Thus
= 2  = yc, (2.15)
Taking into account eqn. 2.15, the eqn.2.6 can be written as follows, 
yc, = ax - yc3 (2.16)
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Multiplying eqn.2.5 by y gives:
yc, = ay(l - x) - c^y (2.17)
Substracting 2.17 from 2.16, the following expression is found: 
0  = ay(l - x) - ax (2.18)
therefore
or
X  = (2.20)
1 + y
The maximum absorbance which occurs at the mole fraction o f L is assumed to 
correspond to the stoichiometry o f the complex. If  the predominant complex is M L 2 , 
the maximum occurs at (mole fraction o f L) = 2 / ( 2  +1) = 0.667
The total concentration o f metal plus ligand (eqn.2.4) used in the various solutions 
employed (Job's method) is fixed. Therefore, when a metal solution (or ligand) is 
titrated with a equimolecular ligand solution (or metal), the sum of the analytical 
concentrations of the metal and the ligand in the reaction flask are assumed to remain 
constant throughout the titration, thus satisfying eqn.2.4.
105
Thus, the titration experiment and the Job's experiment bear a fundamental relationship 
to one another in that both encompass solutions of the same compositions. If  the 
titration data are plotted on a mole fraction scale, rather than on the conventional 
volume scale, a Job's plot is obtained..
2.6.3 Procedure
A Philips PU 8740 scanning spectrophotometer was used to carry out the absorption 
measurements. The titrations were performed in a stoppered quartz cell (Volume = 1 5  
ml; path length, 5.0 cm) which was thermostated at 298.15 ± 0.05 K by water 
circulating from a constant temperature water bath.
An accurate volume (8.0 ml) of ligand solution (7.09 x 1 0 '^ mol dm'^) in water 
saturated butan-l-ol was titrated with solutions in the same solvent o f nickel (II) 
(0.0203 mol dm'^) and cobalt (0.0216 mol dm'^) perchlorates. Likewise, the ligand 
solution (8.0 ml, 4.01 x 10'^ mol dm“^ ) in water saturated butan-l-ol was titrated with 
a copper(II) perchlorate solution (0.0183 mol dm“^ ).
Stepwise additions o f the titrate were made by the use of a "Manostat" microburette ( 1  
ml).
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2.7 THERMODYNAMIC STUDIES
One o f the most versatile and frequently employed techniques for the study o f 
thermodynamic properties of complexation reaction is titration calorimetry
The technique involves the titration o f a volume of reactant, into another reactant 
under conditions as adiabatic as possible, and the corresponding temperature change in 
the system is measured as a fimction o f the volume of titrant added.
The data are then interpreted in the form of a thermogram, i.e. a plot o f the heat 
evolved versus the number o f moles o f titrant added (Fig. 2.7).
3
D
M o l e s  T i t r a n t  A d d e d
E n d  o f  T i l  r a t i o nS t a r t  of T i l r o t i o n
T i m e
Fig. 2.7 : Typical thermogram
From titration data, not only the complexation enthalpy (A^H”) but also the stability 
constant, Kg (hence AqG°) of the process can be obtained. Therefore, the entropy 
change, AgS°, can be evaluated.
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This technique has some limitations. Stability constants up to 10^ (log Kg = 5) can be 
measured by titration calorimetry. Fig. 2.8 shows the dependences o f calorimetric data 
on Kg and AH. If  log Ks > 5, it is difficult to make accurate calculations of Kg due to 
the ambiguity of differentiating between the curves. Very small heat is evolved in 
complexes characterized by small enthalpies of complexation and therefore, these 
measurements can be subject to considerable error. For low stability constants (log Ks 
< 1 ), the percentage o f complexation that can be achieved would be relatively small. 
Consequently, extrapolation to 1 0 0 % complexation could lead to inaccurate enthalpy 
data.
AH,K f t j  "  c o n s t a n t
I
V o l u m e  ( m o l )  t i t r a n t  a d d e d
“  c o n s t a n t
10.000
1.000
100i
I
V o l u m e  ( m o l )  t i t r a n t  a d d e d
Fig. 2.8 : Dependence of calorimetric data on K . and AH
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2.7.1 Titration Microcalorimetiy
A LKB 2277 Thermal Activity Monitor (TAM) equipment was used to perform the 
experiments. This equipment was designed to monitor a wide range of chemical and 
biological reactions. A brief description o f the equipment is given below, however a 
comprehensive account on this particular instrument can be found in the 
literature^^^»^^^.
The TAM can detect and quantify both exothermic and endothermie processes, using 
the heat flow or heat leakage principle where the heat produced in a thermally- defined 
vessel flows away in an effort to establish thermal equilibrium with its surroundings.
A 25 litre water thermostat which surrounds the reaction measuring vessels and acts as 
an infinite heat sink maintains thermal stability of the system. Up to four individual 
measuring vessels can be housed in the water thermostat, where they are maintained at 
constant temperature (± 2 x 1 0 “^  °C) to allow fractions of microwatt to be measured.
The reaction vessel is surrounded by a heat sink, usually a metal block. The 
calorimeter sensor consists o f a multijunction thermopile, normally semiconducting 
'Peltier effect plates', positioned between the vessel and the heat sink.
Peltier elements are made up o f a large number of semiconductor junctions joined in a 
series and assembled in sandwich form. These highly sensitive detectors convert the 
heat energy into a voltage signal which is proportional to the heat flow. Results are 
presented as a measure o f the thermal energy produced by the sample per unit o f time.
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2.7.2 Procedure
A calorimetric titration vessel (3.5 ml) made from stainless steel and fitted with a 
turbine stirrer, was used. The vessel was charged with ethylendiamine tetraacetanilide 
solution (2.8 ml, 5.07 x 10'^ mol dm"^). Metal-ion perchlorates solutions(0.1 mol dm"^ 
for Co^"^ and Ni^" ;^ 0.0985 mol dm"^ for Cu^"^) contained in a 500 p,l gas-tight motor 
driven Hamilton syringe (1750 LT) were used as titrants. The permanently affixed 
needle o f the syringe was soldered to a 1 metre stainless steel cannula. All the 
calorimetric measurements were performed at 298.15 K. In each titration experiment, 
about fifteen injections ( 2 0  (al) were made at one hour interval. All the reactions were 
performed using water saturated butan-l-ol as reaction medium.
Separate dilution experiments were carried out. Stability constant and enthalpy data 
for the complexation process were calculated using a minimization program developed 
at the Thermochemistry Laboratory, University o f Surrey.
2.7.3 Calculation of Equilibrium Constant (Kg) and Enthalpy Change (A(,H°) for 
a 1:1 Complexation Reaction
For a chemical reaction
Mn+ + L ML"+ (2.21)
where :
is the metal cation 
L is the ligand which in the present work is a neutral specie and
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is a 1 : 1  metallic complex.
The activities of the species involved in eqn.2.21 play an important role in the 
thermodynamic stability constant Kg defined by eqn. 2 .2 2 .
^  = [ML ] y
In the present work, the ligand is neutral and Yl  is equal to unity and on the 
assumption that Ym ^^ and Ym l”^ have identical values, the equilibrium constant is 
given by:
= S i
where [ML^"^], [M^ "^*"] and [L] are the equilibrium molar concentrations o f the metallic 
complex, metal cation and ligand respectively.
The materials balance is given by
M; = [Mn+] + [ML»+] (2.24)
L^ = [L] + [MLH+] (2.25)
where M^ and L  ^ represent the total molar concentration o f metal cation and ligand
respectively. Hence (2.23) can be written as:
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^  .  [ML""] ,226)
'  [M ,-[M L ""]][L ,-[M L ""]]
Rearrangement of eqn.(2.26), leads to a quadratic expression given by 
[ML""]" -  (M , + L , + ^ ) [ M L " " ]  + M ,L , = 0 (2.27)
whose solution is given by :
( M , + L ,  + } ^ )  - J ( > / + M , + L . ) "  - 4 (M ,L .)
[M L'+] =  — --------------   (2.28)
For a 1:1 reaction (eqn.2.21), the heat observed in step / is related to the number o f 
moles o f the [AB] complex formed at certain volume Vj added as shown in the 
following expression:
Q/ =  AH[ML"+]yV; (2,29)
Resolving eqns.2.28 and 2.29 by using an non-linear regression m e t h o d A H  and K  
values can be found.
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2.8 SYNTHESIS OF METALLIC COMPLEXES
2.8.1 Aqua-Ethylenediamine tetraacetanilide copper(IT) perhlorate: 
[C u L (H 2 0 )] (C 1 0 4 )2 .1 -5 H 2 0
An excess o f Cu(Cl0 4 )2 .6 H 2 0  (3.159 g., 8.5 mmol), was added to a suspension o f 
ligand (L), ethylenediamine tetraacetanilide (1.072 g., 1.8 mmol) in 50 ml o f butan-l-ol 
which had been previously saturated with water. A green precipitate was formed after 
stirring at room temperature. The product was left overnight and then filtered under 
vacuo and washed with cold butan-l-ol. The filtered product was present in small 
amount, therefore it was discarded. The solution was recovered, and most o f the 
solvent was removed using a rotary evaporator. Then, distilled water (25 ml) and 
sodium perchlorate (3 g.) were added. The insoluble product was refluxed and ethanol 
was added dropwise to the suspension until the product was completely dissolved. 
The solution was left under reflux for some minutes and inmediately filtered hot under 
vacuo. The product was left for several days and the pale blue-green needles formed 
and dried at room temperature in a desiccator over calcium chloride, 
yield: 61 %
Found: C, 45.53%; H, 4.62%; N, 9.48%. C34H3gN605Cu(C104)2-I 5 H 2 O requires: C, 
45.82%; H, 4.59%; N, 9.43%.
IR Vmax (KBr), 3344(NH), 1706(C=O), 1663(C=0) and 1626(CONH) cm"l.
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2.8.2 Ethylenediamine tetraacetanilide copper(II) perhlorate: 
[CuL](C1O4)2.0‘5H2O
An excess o f Cu(C1 0 4 )2 -6 H 2 0  (3.875 g., 11 mmol) was added to a suspension o f the 
ligand , L (0.545 g., 1 mmol) in methanol under stirring . The mixture was stirred 
during three hours and a green product was isolated (yield 52 %).
This product was recrystallized from ethanol containing an amount o f sodium 
perchlorate. The mixture was refluxed and filtered in hot with vacuo. The solution was 
left for several weeks and a crystalline green compound was isolated.
Found; C, 46.95%; H, 4.07%; N, 9.78% and C34H36N6O4Cu(ClO4)2.0.5H2O 
requires: C, 47.25%, H, 4.32%, N,9.73%.
IR,Vmax (™ r), 3304(NH), 1664(C=0) and 1626(CONH) cm’l
2.8.3 Preparation of a biiiuclear complex: [Cu2L3](C104)4“1.5H2 0
A mixture o f Cu(C1 0 4 )2 -6 H 2 0  (0.533, 1.4 mmol) and the ligand (2.229 g., 3.8 mmol) 
was refluxed in ethanol (50 ml) during twenty minutes. A dark green solution was 
obtained which was left to cool down at room temperature an then in a refrigerator for 
several days. A green compound precipitated. This product was filtered, washed with 
a cold mixture of ethanol/water (1:1) and dried at room temperature. Attempts for 
recrystallization with ethanol, acetone were not successful. A green pasty product was 
always obtained. Found: C, 52.37%; H, 4.83%; N, 10.87%. CioiHiogNigO. 
4 Cu2 (C1 0 4 )4 -1 .5 H 2 0  requires: C, 52.58%; H, 4.80; N, 10.82%.
IR,Vmax (KBr), 3561, 3303(NH), 1677(C=0), 1638(CONH) cm 'k
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2.8.4 Aqua-Ethylenediamine tetraacetanilide cobalt(H) perchlorate: 
[CoL(H2O)](C1O4)2H2O0.5C2H5OH
An excess of € 0 (0 1 0 4 ) 2  6 H 2 O (2.5 g., 6 . 8  mmol, Johnson Matthey) was added to a 
suspension o f ligand (0.5 g., 0.8 mmol) in ethanol (30 - 40 ml) under stirring. The pink 
compound formed was filtered under vacuo and transferred to a round bottom flask 
(100 ml) containing sodium perchlorate (2 g.) and a small amount o f ethanol. The 
mixture was refluxed and additional ethanol was added dropwise until the product 
completely dissolved. The solution was refluxed for a few minutes and immediately 
filtered under vacuo. The solution was left for several weeks after which pink crystals 
separated out. These were filtered and drained in vacuo with a water pump.
Found: C, 46.13%; H, 4.81%; N,9.03%. C34H36N6O4Co(ClO4)2-2H2O0.5C2H5OH
requires C, 46.21%; H, 4.77%; N,9.24%.
m,Vmax (KBr), 3381(NH); 1665(C=0), 1621(CONH) cm 'k
2.8.5 Ethylenediamine tetraacetanilide cobalt(II) perchlorate:
[CoL](C 1 0 4 )-2 H 2 0
Ligand, L (0.202 g., 0.3 mmol) was suspended in butan-l-ol previously saturated with 
water (40 ml) in a stoppered flask . € 0 (0 1 0 4 ) 2  6 H 2 O (2.5g., 6 . 8  mmol) was added and 
the mixture was shaken until full dissolution of both. The solution was left for several 
weeks and a compound separated out. Pink small needles were isolated and dried at 
room temperature.
Found: € , 46.31%; H, 4.28%; N, 9.49%. € 3 4 H 3 6 N6 0 4 € o (€ 1 0 4 ) 2 -2 H 2 0  requires C, 
46.06%; H, 4.33%; N, 9.48%.
IR, Vmax (KBr), 3504, 3454, 3341 (NH). 1666(C=0), 1620 (CONH) cm 'l
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2 .8.6 Aqua-Ethylenediamine tetraacetanilide nickel(II) perchlorate: 
[N iL (H 2 0 )](C I0 4 )2 * 2 .5 H 2 0
This compound was prepared as described in section 2.7.5
Found: C, 45.42%; H, 4.20%; N,9.25%; C34H3gNg04Ni(C104)22.5 H 2 O requires: C, 
45.61%; H, 4.62%; N, 9.39%.
m , Vmax (KBr), 3482, 3333(NH), 1706(C=O), 1634(C==0), 1608 (CONH) ctn’l
2.8.7 Ethylenediamine tetraacetanilide nickel(H) perchlorate:
[NiL](C 1 0 4 )2 -6 H 2 0
An excess o f Ni(C 1 0 4 ) 2  6 H 2 O (2.131 g., 5.8 mmol) was added in small amounts to a 
suspension of the ligand, L (0.5 g., 0.8 mmol) in ethanol under continuous stirring. The 
reaction was carried out at room temperature. After a while, a blue pale product 
precipitated wliich was filtered off. The solid was transferred to a round bottom flask 
(100 ml) containing sodium perchlorate (2 g.) and a small amount o f ethanol. The 
mixture was refluxed and ethanol was added dropwise until full dissolution o f the 
product. It was then filtered in hot with vacuo and the solution was left for several 
days pale-blue needles were isolated.
Found: C, 42.72%; H, 4.78%; N, 8.54%; C3 4 H 3 6 N 6 0 4 Ni(C1 0 4 )2 *6 H 2 0  requires: C, 
42.60%; H, 5.05%; N, 8.77%.
IR, Vmax (KBr), 3336(NH), 1654(C=0), 1632(CONH) cm"l
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2.9 X-RAY STRUCTURAL ANALYSIS
These structures were kindly determined by the Institut de Ciència dels Materials 
(CSIC), Barcelona and Departament de Geologia, Universitat Autonoma de 
Barcelona, Spain.
2.9.1.C:ystal Structure of Aqua-Ethylenediamine tetraacetanilide copper(II) 
perchlorate: [CuL(H2 0 )] (0 0 4 )2-1-5 H2O
Crystal Data:
CUCI2 C3 4 H 4 1 N 6 OX4  5 , Formula weight 900.18, Orthorhombic, space group Pna 2 ,^ a 
= 27.531 (4), b = 12.253 ( 1 ), c = 11.984 (3), U = 4043 (from least-squares 
refinement o f 25 automatically centred reflections X = 0.71069 Â), Z =4, Dc = 1.48 g 
cm"3, F (0 0 0 ) = 1864, M o-K a r a d i a t i o n , 0.71069 Â, = 7.04 cm"T 
Pale blue-green needles grown from aqueous ethanol containing an excess o f sodium 
perchlorate were obtained. A crystal o f dimensions 1.30 x 0.13 x 0.07 mm was used 
for data collection. Intensity data were collected on an Enraf-Nonius CAD 4 
automated diffractometer in the mode 6 o)/lO0 .
Intensities o f reflections with l.O<025° were scanned, (h = 0 to 14, k = 0 to 14, 1 = 0 
to 32).
A total o f 4018 reflections were measured wliich 2444 were unique having intensities 
I>2.5a (I). The final R = 0.0627 and R = 0.0667.w
A total difference-Fourier map showed no significant features with the highest peak at 
0.91 e/Â3.
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2.9.2.CrystaI Structure of Aqua-Ethylenediamine tetraacetanilide cobalt(II) 
perchlorate: [CoL(H2O)](ClO4)2 H2O-0,5aH_OH
Ciystal Data.
C 0 CI2 C3 5 H 4 3 N6 O 1 4  5 , Formula weight 909.59, prismatic, space group P 2 1 /c, a = 
14.612 (3), b = 19.562 (4), c = 14.648 (5), U = 4176 (2) Â?, Z = 4, = 1.447 g cm-
3, F(OOO) = 1888, M o-Ka radiation, X — 0.71069Â, |t = 6.069 cm"*.
Pink crystals grown from ethanol containing an excess o f sodium perchlorate were 
obtained. Crystal dimensions 0.8 x 0.4 x 0.1 mm were used for data collection. 
Intensity data were collected on an Enraf-Nonius CAD 4 automated diffractometer in 
the mode (O-20. Intensities of reflections with 2<20<5O° were scanned. (h= -17 to +17, 
k = 0 to 23,1 = 0 to 17).
A total o f 7924 reflections were measured, o f which 7312 were unique and 4921
having intensities I>2cj (I) were used in the refinement. The final R  = 0.105 and R =w
0.3525.
A final difference-Fourier map showed no significant features with the highest peak at 
0.91 e/Â3.
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2.10. NEW POLYMERIC MATERIAL CONTAINING 
ETHYLENEDIAMINE TETRAACETANILIDE
The ligand, ethylenediamine tetraacetanilide was inserted into a suitable polymeric 
network through an alkylation reaction. Chloromethylated styrene/divinyl benzene 
(known as Merrifield's peptide resin) was chosen as the polymeric support.
The c o n d i t i o n s f o r  the iV-alkylation reaction were firstly set up by the reaction of 
benzyl chloride (the monomer unit o f the polymer) and ethylenediamine 
tetraacetanilide as shown in Fig.2,9.
Experimental
%  NM R spectra were recorded at 300 MHz using a Bruker AC-300 instrument in 
CD 3 COCD3  and CDCI3  with tetramethylsilane as internal standard. IR spectra have 
been registered on a Perkin Elmer 1750 Infrared Fourier Transform Spectrometer. 
Short path distillation (Kugelrohr distillation) was performed using a Buchi GKR-51 
instrument. '
Chemicals.
Ethylenediamine tetraacetanilide was available from previous synthetic work (Section 
2.4.2). Benzene (BDH, thiophen free, AnalaR) and benzyl chloride (Lancaster) were 
purified and dried according to the procedure outlined in section 2.1. Sodium 
hydroxide (Fisons, A.R.) was previously pulverized and used immediately. Potassium 
carbonate (BDH, AnalaR), tetrabutylammonium, hydrogen sulphate (TBAH) 
(Lancaster) were stored in a desiccator and used as purchased. Cross-linked 
chloromethylated polystyrene (1%) or Merrifield's peptide resin (~ 1 meq Cl/g,
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Aldrich) was stored below 0 ° C and used as purchased. Thin layer chromatography 
analyses were performed on Merck Kieselgel 60 silica gel aluminium pre-coated 
layers (0.2 mm thickness). Flash chromatography was performed using Merck silica 
gel (230-400 mesh).
\ -HNOCH2 C ,----- \ CHoCONH
> <
H N O C H 2 C  C H g C O N H —
CH2 CI
(5)
+
NaOH/KsCOg/CeHe 
(C4Hg)4NHS04 ,8 0 “ C
(6)
N—OCH 2 C CHjCO—N V
N — O C H 2 C  C H 2 C O — N — (  f J )
(7)
Fig 2,9 : N-Alkylation of Ethylenediamine Tetraacetanilide
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2.10.1 A-Alkylation of Ethylenediamine Tetraacetanilide with Benzyl Chloride
In a two necked, round-bottomed flask (100-ml) equipped with a reflux condenser 
(fitted with a guard-tube filled with anhydrous calcium chloride, a rubber septum and a 
magnetic stirrer), ethylenediamine tetraacetanilide(5) (1.0 g., 1.7 mmol), potassium 
carbonate (1.0 g., 7.2 mmol), powdered sodium hydroxide (1.0 g., 25 mmol) and .|
TBAH (0.620 g., 1 . 8  mmol), were suspended in dry benzene (35 ml) under continuous !
stirring. Then, the mixture was refluxed and benzyl chloride(6 ) (1.2 ml, 10 mmol) was j
injected through the septum into the flask. After 15-20 minutes, the colour o f the {I
mixture became slightly yellow. The reaction was monitored by tliin layer i
chromatography and cWoroform was used as the eluent. UV light (254 nm) and a 
chamber o f iodine vapours were both used as developing agents. After 136 hours, the 
reaction was stopped. The mixture was left to cool down, washed with water three |
times and extracted three times using a separation funnel. The organic layer was i
collected and filtered under vacuo. The small amount o f filtered product was discarded I
off. The organic layer was then washed with brine three times. The combined organic j
solutions were dried over anhydrous magnesium sulphate (overnight), filtered and the 1
solvent removed in vacuo. A yellow-brownish liquid was obtained and distilled in a 
short path distillation equipment. A colourless product was collected: (0 . 2 0 0  g., 50- 
55° C/0.6 mmHg); IRv»,^(thin film), 2957, 2931 (CH), 1467(CH^ and 1085(C- 
N)cm-1. lHNM R5ppm (300M Hz, CDCI3 ), 0.91(9H, t), 1.28-1.44(12H, m), 2.38(6H, 
q). From these results, this product was shown to be tributylamine.
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The residual oily liquid (1.511 g.) was kept for further experiments. A TLC was 
performed and chloroform was used as eluent. Three fractions were observed: =
0.8-0.9; B/2 -  0.5-0 . 6  and 1 ^ 3  = 0,1. The oily residue was purified twice by flash 
chromatography by eluting with chloroform. Solvent evaporation from the combined 
chromatographic isolated fractions (controlled on TLC, chloroform as eluent) afforded 
the three fractions. Fractions 1 and 3 (R/j = 0.8-0.9 and %  = 0.1 respectively) were 
discarded off. The amounts present were not significant (less than 20 mg). The main 
fraction ( %  = 0.5-0.6 ) was recovered and the solvent removed on a rotary evaporator 
and finally at high vacuo (<0.5 mmHg) at room temperature. An oily yellow product 
was isolated. IRv^^axCl^hin film), 3419 and 1602 cm 'k
The iH-NMR (300 MHz, CD3 COCD3 ) spectrum was obtained which is presented in 
results and discussion.
2.10.2 Insertion of the Ethylenediamine Tetraacetanilide ligand into 1% Cross- 
linked Merrifield's Peptide Resin
In a three-necked, round-bottomed flask (1-1) equipped with a mechanical stirrer, 
reflux condenser (fitted with a guard-tube filled with anhydrous calcium chloride, and a 
glass stopper), ethylenediaminetetraacetanilide (1.240 g., 2.1 mmol), potassium 
carbonate (1.302 g., 9 mmol), powdered sodium hydroxide (1.404 g., 35 mmol), 
TBAH (0.797g., 2.3 mmol) and 1% cross-linked Merrifield's peptide resin (9.455 g.) 
were suspended and refluxed in dry benzene (300 ml) under vigorous and continuous 
stirring during six days. The mixture then, was left to cool down and filtered under 
vacuo. The solid compound was thoroughly washed with water, ethanol, 
dimethylformamide, dioxane and finally with ethanol. A pale-yellow product was 
obtained and dried under high vacuo at 80°C during 96 hours.
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Yield: 9.7 g.
Microanalysis found: C, 88.51%; H, 7.35%; N, 1.71%. 1654 (C =0)
cm"l.
2.10.3 Uptake of metal ions by the new polymeric material (Batch method)
To investigate the uptake o f metal cations (Cu^+ Ni^'^, Co^+, Cd^+ Hg^+ and Pb^"^) 
by the new polymeric material at 298.15 K. The following procedure was used:
Aqueous solutions (0.1 mol dm-3) o f metal cations(Cu2+ Ni^+, Co^+, Cd^+ and Hg^+) 
perchlorates and Pb(N 0 3 ) 2  were prepared and a suitable volume (2 0 . 0  ml) o f each of 
these solutions were left in contact with the resin (0.3000 g) in stoppered flasks (60 
ml). The mixtures were left to equilibrate for 24 hours under continuous stirring until 
equilibrium was attained. Aliquots were taken and analysed by complexometric 
methods. A standard EDTA solution (0.005 mol dm"^) was used.
The quantity o f metal ion taken up by the resin (mmol/g. resin) was calculated from the 
ion concentration differences before and after the equilibrium.
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SECTION III
RESULTS AND DISCUSSION
SECTION III : RESULTS AND DISCUSSION
3.1 SYNTHESIS OF ETHYLENEDIAMINE 
TETRAACETANILIDE
3.1.1 Discussion
In order to form the amide bond, either the carboxyiic (-COOH) or the amino (-NH-) 
groups must be activated and for tliis purpose, several methods are availablel^^ri69 
The most currently used are those involving coupling reagents or active esters and 
these methods are described as follows:
A. Use of Coupling reagents.
Several coupling reagents have been suggested in the literature. Thus, the use of 
dicyclohexyl carbodiimide (DOC) for the formation o f the peptide group, was 
introduced in 1955 by Sheehan and Hess^^(). Two steps are involved in the reaction 
mechanism. These are:
i) The activation of the carboxyiic group through its addition to a N=C double bond in 
DCC according to the following scheme:
R COOH + ^  y ------ N— C = N -----y
Carboxyiic acid Dicyclohexylcarbodiimide
(DCC)
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0I I
R — C — O
\  I Y /y ------N =  C — N -----^
0 -acylisourea intermediate
followed by
ii) The nucleophilic attack on the 0-acylisourea intermediate
R'— NH2
R— C ^ O
\y  N =  c — N
0 -acylisourea intermediate
R’“  N— H 
R — C = 0
0
II /NH— C— NH----- (
amide Dicyclohexylurea
(DCU)
Thus, coupling between EDTA and aniline leads to the preparation o f ethylenediamine 
tetraacetanilide. However, when the reaction was performed in CH 2 CI2  and the 
temperature controlled by an ice-salt bath, a mixture o f compounds was obtained as 
shown by TLC (R /s = 0.12, 0.23, 0.39, 0.69 and 0.81; Ethyl acetate:hexane:acetic
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acid; 10:1:1 as eluent) . For the separation o f the components in the mixture, flash 
chromatography was performed (eluent as above) with unsuccessful results.
The formation of several products during the coupling between EDTA and anilline 
using DCC as reagent, could be attributed to the following:
DCC is a useful reagent in coupling reactions involving mono or a,© - carboxyiic acids 
as starting materials. However, the proximity o f the carboxyiic groups (two 
iminodiacetic groups) in EDTA may lead to an alternative mechanism in this kind o f 
coupling. Thus, reaction o f the 0-acylisourea with the unreacted carboxyl-component 
yields!^^ the anhydride, a potent acylating agent which may give undesirable reactions 
with aniline.
unreacted
carboxyiic component
R— COOH
R— C, =  0  
N =  C — N
0 -acyIisourea
o
R
O
R—  C
o
o
anhydride
The attempted procedure described above is considered as a single-pot (one-pot) 
synthesis which avoids the isolation of intermediates, saving reagents, time and effort. 
This kind o f procedure is highly recommended especially when the target 
compound is required in large amounts and economical considerations are involved.
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Due to the difficulties found in the synthesis of ethylenediamine tetraacetanilide, a step 
by step procedure seemed to be the most appropriate. Therefore, the activation o f the 
carboxyiic group was carried out by the use o f active esters. A brief introduction on 
this method is thus given.
B. Use of active esters.
This procedure involves the coupling reaction between the carboxyiic ester o f the 
respective acid and the amino compound. The former acts as electrophilic centre while 
the amine is the nucleophilic reagent. The general reaction is as follows:
R-CO-OR' + H 2 NR" R-CO-NHR" + R'OH (3.1)
In fact, ethylenediamine tetraacetanilide (5) was prepared by estérification o f EDTA(I) 
with methanol (2), eqn 3.2
HOOCH2 C \
HOOCHoC/
/ CH2 COOHN N.
CH2COOH
+ CH3OH
(3.2)
(1)
H3OOCH2C
H3OOCH2C/
N
(2)
ÇH2COOCH3
N
CH2COOCH3
Me^EDTA
(3)
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and, aminolysis of the methyl ester o f EDTA, Me^EDTA (3) with aniline (4), eqn.3.3.
HsCgNHOCHjC  ^ j  \  CHsCONHCsHs
(3) + CgHsNHz --------^ \
H5 C6 NHOCH2 C CHsCONHCeHs
(4) (5)
i) Estérification o f EDTA with methanol
Ethylenediamine tetraacetic acid was activated through the formation o f the ester 
derivative. In the present case, Me^EDTA was prepared using the procedure 
described by Hay and Nolan^^ (the reaction takes about 24 hours). This method uses 
SOCI2  as catalyst and represents a safe method in the production o f esters, especially 
when aminoacids are i n v o l v e d T h e  original reaction was proposed by Brenner et. 
a/174,175 and a careful control of the temperature is recommended (below 10° C).
It was noted that during the purification o f the EDTA ester derivative (Me^EDTA) by 
vacuum distillation, a good vacuum was needed (if possible less than 0.002 mm Hg) to 
lower the boiling point o f the product, otherwise an excessive heating (>200° C) may 
lead to the decomposition of the ester.
Elemental analysis (table 3.1) and ^H NMR (Table 3.2 and Fig. 3.1) showed good 
agreement with the proposed formula.
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Table 3.1 : Microanalysis Data for the tetramethylester of the EDTA
Compound C H N
Tetramethyl ester o f the EDTA, Me^EDTA 48.40 (48.27) 7.15 (6.95) 8.05 (8.04) 
C 1 4 ÎÎ2 4 N 2 O 8
Calculated values are shown in parentheses.
Table J.2 : NMR Chemical Shifts (6) in ppm for the protons of
Tetramethylester of EDTA, Me^EDTA in CD3COCD3 at 298 K
Proton in the molecule 5 (ppm) Number of Protons
H(l) 2.86 4
H(2) 3.61 8
H(3) 3.64 12
c h ' - I c hH3C-OOCH2C ^.” 2 C H 2CO O -C H 3
H 3C -O O C H 2C '"  ^ C H g C O O -C H a
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i) Aminolysis with aniline ofMe^EDTA
The formation o f an amide bond via aminolysis of esters has been known for a long 
time. However, this procedure has some limitations because only "activated" esters 
(methyl or ethyl) can afford the reaction, generally with ammonia and aliphatic amines 
rather than aromatic amines. In general, aminolysis of esters is slow and high 
temperatures are required as for example the synthesis of benzoylacetanilide^^^.
Since the direct conversion of esters to amides is potentially a useful synthetic 
operation, several new reactions have been developed in order to overcome the lack o f 
reactivity, especially when aromatic amines are involved.
Searching for a potential method which allows the reaction between an ester and an 
amine through a smooth and fast reaction, three different procedures have been found 
and these are:
i) Using (CH3)3A1178.
Although, the importance o f this method has been demonstrated, the limitations found 
are the manipulation o f the reagent (the reaction is conducted under nitrogen) and the 
cost involved since large quantities o f the ligand are required.
ii) Using BuLil79.
Alkyl lithium reagents offer a powerful tool in the preparation o f organic compounds. 
However, the limitations are similar to those discussed above.
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iii) Using N aH  in DMSO^^^. Selected M ethod.
This method seemed quite interesting due to its low cost and easy handling. Also the 
purification o f the chemicals was not considered a serious problem. NaH is used as oil 
emulsion and its highly flammable characteristic is almost nule under that condition. 
DMSO is easily purified and dried anf therefore this was the method used for the 
preparation o f the ligand. Thin layer chromatography carried out showed that no side 
products were present. The purification of the isolated compound was done by 
crystallization using an ethanol/hexane mixture. The compound was obtained in 
moderate yield (35 %) through this amenable and feasible reaction.
Elemental analysis (table3.3), IR (Fig. 3.2) and NMR(table 3.4, Fig.3.5) showed 
good agreement with the proposed formula.
Table 3.3 : M icroanalysis D ata for ethylenediam ine te traacetanilide
Com pound C H  N
Ethylenediamine tetraacetanilide 
^36^^34^6^4
68.93 (68.90) 6.09 (6.12) 14.24 (14.27)
Calculated values are shown in parentheses.
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IR spectra.
The IR spectrum of the ligand (Fig. 3.2) shows two absorption bands at 3233 and 
3183 cm"l which may be assigned to NH stretching vibrations, typical o f secondary 
amides. At low resolution, only one band is currently shown. However, due to the 
conditions at which this ER was performed (high resolution, Fourier transform), this 
band was split into two components. The presence o f these two bands in secondary 
amides is a t t r i b u t e d t o  the cis- and /ra/î^-rotational isomers as a result o f the 
presence o f hydrogen bonds as shown in Figs.3.3 and 3.4,
\  /N—H— 0= C
0- C  N - H -  -0
\
Fig, 3.3 I Hydrogen bonds Érrt«5-form in secondaiy amides
O H 0 H 9 I
C
6  H "  A h - - o - \
II Ic—N/  \
Fig. 3.4 : Hydrogen bonds m-arrangement in secondary amides
The carbonyl o f the amide group may be assigned to the two bands which are 
displayed at 1682 cm"^and 1658 cm 'l corresponding to the amide I v(CO) and amide 
II v(CONH); respectively.
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IH  N M R  Studies
Results o f NMR studies o f ethylenediamine tetraacetanilide in CDCI3  at 298 K are 
shown in table 3.4 and Fig. 3.5.
Table 3.4 \ N M R Chemical Shifts (6 ) in ppm  for the protons of 
Ethylenediam ine tetraacetanilide in CDCI3  a t 298 K.
Protons in the molecule 5 (ppm) N um ber of Protons
H ( l ) 2 . 8 6 4
H (2) 3.46 8
H (3) 7.07 4
H (4) 7.22 8
H (5) 7.54 8
H ( 6 ) 9.04 4
(5) (4)
(2 )
< ^ Q ^ H N 0 C -H 2 C ^  ^CHg-CHg ^C H 2 - C 0 N H - { 0 )^^^
N N
(^ ^ ^ H N O C -H 2 C  CHg—C O N H ^ ( ^ ^
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3.1.2 Physical and chemical properties 
Physical Properties.
Ethylenediamine tetraacetanilide was isolated as small white needles whose melting 
point was between 160-162° C. The presence of aromatic rings makes tliis ligand 
soluble in organic solvents such as CHCI3 , Butan-l-ol, acetone, DMF and non soluble 
in water.
Chemical Properties,
Ethylenediamine tetraacetanilide may be considered as a hexadentate ligand due to the 
presence o f two tertiary nitrogen (in the ethylene bridge) and four amide groups. 
Tertiary nitrogens or tertiary amines are characterized for being the less basic o f the 
amines. However, the amide function is considered neutral throughout most o f the pH 
range, in the absence o f metal ions.
Secondary amides undergo hydrolysis reactions with great difficulty. The choice o f an 
acid or an alkaline medium depend upon the solubility of the compound in the medium, 
and the effect of the reagent upon the products of hydrolysis^^^.
An amide group (-CONH-) offers two potential sites (O and N  atoms) for 
complexation with metal cations^^^.
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3.2. COMPLEXATION OF ETHYLENEDIAMINE 
TETRAACETANILIDE WITH METAL CATIONS. 
SPECTROPHOTOMETRIC STUDIES.
The complexing abilities of ethylenediamine tetraacetanilide and metal cations which 
are currently found in ores, were investigated by UVA^isible spectrophotometry and 
the Job's method was used to find the stoichiometry of the complexes in water 
saturated butan-l-ol. The results obtained for the spectrophotometric titrations o f this 
ligand with Ni(II), Co(II) and Cu(II) in this solvent are discussed separately.
3.2.1 Spectrophotometric Titration of Ethylenediamine Tetraacetanilide (L) with 
Ni(H) perchlorate in water saturated butan-l-ol at 298.15 K.
Fig.3.6 shows the spectrophotometric titration of (L) with Ni(II) in water saturated 
butan-l-ol for Ni(II) molar fractions ranging from 0.15 to 0.52 and in Fig.3.7 
corresponding data for the 0.52 to 0.70 molar fractions are shown. The absorbance 
values were obtained from scanning between 300 to 900 nm. A suitable wavelength o f 
maximum absorption was found at 600 nm but readings at several wavelengths (580 
and 628 nm) have also been taken.
Fig.3 . 8  a, b and c show absorbance values against the added volume o f Ni(II) solution 
at several wavelengths. Then, absorbance values against the molar fraction scale of 
Ni(II) are shown in Fig.3.9 a, b and c.
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Fig, 3.6 : Spectrophotometric Titration of Ethylenediamine Tetraacetanilide
with Ni(n) in water saturated butan-l-ol at 298.15 K
Molar fraction ofNi(H) : 0.15, 0.26, 0.35, 0.42, 0.45, 0.47, 0.52
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Fig. 3.7  ; Spectrophotometric Titration of Ethylenediamine Tetraacetanilide
with Ni(n) in water saturated butan-l-ol at 298.15 K
Molar fraction of Ni(H) : 0.52, 0.59, 0.62, 0.64, 0.67, 0.70
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Fig. 3.8a : Spectrophotometric Titration of Ligand solution ( 8.0 ml, 7.09 x 10“^  
mol dm”^ ) with NiClO^ solution (2.03 x 10“^  mol dm"^) in butan-l-ol saturated 
with water at 298.15 K
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Fig. 3.8b : Spectrophotometric Titration of Ligand solution ( 8.0 ml, 7.09 x 10"^
mol dm"^) with NiClO^ solution (2.03 x 10“^  mol dm“^ ) in butan-l-ol saturated
with water at 298.15 K
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Fig, 3.8c : Spectrophotometric Titration of Ligand solution ( 8.0 ml, 7.09 x 10“^  
mol dm“^ ) with NiCIO^ solution (2.03 x 10"  ^ mol dm"^) in butan-l-ol saturated 
with water at 298.15 K
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Fig. 3.9a : Spectrophotometric Titration of Ligand solution ( 8.0 ml, 7.09 x 10"^  
mol dm”^ ) with NiClO^ solution (2.03 x 10"  ^ mol dm"^) in butan-l-ol saturated 
with water at 298.15 K
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Fig. 3.9b : Spectrophotometric Titration of Ligand solution ( 8.0 ml, 7.09 x 10"  ^
mol dm"^) with NiCIO^ solution (2.03 x 10“^  mol dm“^ ) in butan-l-ol saturated 
with water at 298.15 K
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Fig. 3.9c : Spectrophotometric Titration of Ligand solution ( 8.0 ml, 7.09 x 10“^  
mol dm"3) with NiCIO^ solution (2.03 x 10"  ^ mol dm"^) in butan-l-ol saturated 
with water at 298.15 K
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The data in Fig.3 . 8  show a steady increase of the absorbance when Ni(II) solution is 
added to the ligand, as a result o f an increase in the amount o f the complex formed in 
solution. The maximum absorbance is found at 0.52 molar fraction o f Ni(II). When an 
excess o f Ni(II) solution was added, a decrease in absorbance is observed (due to 
dilution) with a shift in the maximum absorbance from 600 to 610 nm, wliich could be 
attributed to the presence o f [Ni(H2 0 )6 ]^^. For simplification, it is assumed that the 
ion-complexes are the only species present in solution. However, it should be noted 
that ion-pair formation between the complex cation and the anion (CIO^") in the water 
saturated organic phase is likely to take place.
In addition, two isosbestic points are observed at 656 and 806 mn (Fig. 3.7). From the 
data shown in Fig.3.9(a, b and c), it can be concluded that a 1:1 (LiNi^*^) 
stoichiometry complex is formed since the maximum absorbance corresponds to a 0.5 
molar fraction.
3.2.2 Spectrophotometric Titration of Ethylenediamine Tetraacetanilide (L) with 
Co(n) perchlorate in water saturated butan-l-ol at 298.15 K.
Plots o f wavelength (nm) versus the absorbance at different molar ratio (0.28-0.51) 
(Fig. 3.10) and (0.49-0.72) (Fig. 3.11) obtained fiom scanning between 400 to 900 
nm, show that the wavelength o f maximum absorption is found at 516 nm.
Fig.3.12 shows the spectrum of Co(II) solution in water saturated butan-l-ol. It is 
assumed that the absorbance is due to the presence o f [Co(H2 0 )(5]^‘*‘. The maximum 
absorbance was found to be at 511.2 nm.
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Fig.3.13 shows the absorbance values for the spectrophotometric titration o f (L) with 
Co(II) solution. The data are presented as absorbance against the added volume o f 
Co(II) solution. Then, absorbance values vs. the molar fraction o f Co(II) are shown in 
Fig.3.14.
The data in Fig.3.10 show a steady increase o f the absorbance when Co(II) solution 
was added as a result o f increase in the amount of complex formed in solution. The 
maximum absorbance is found at 516 nm. However, additional volumes o f Co(II) 
solution (Fig. 3.11) shift the maximum wavelength absorbance from 516 nm to 514 nm 
which may be due to the presence of [Co(H 2 0 )g] '^*' whose maximum wavelength is at
511.2 nm (Fig. 3.12).
The data in Fig.3.16 clearly indicate that in the water saturated butan-l-ol, the 
complex stoichiometry is 1 : 1  (L:Co^‘‘')
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Fig. 3.10 ; Spectrophotometric Titration of Ethylenediamine Tetraacetanilide
with Co(H) in water saturated butan-l-ol at 298.15 K
Molar fraction ofCo(H) :0.2S, 0.32, 0.36,0.40, 0.43, 0.46, 0.49, 0.51
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Fig. 3.I l l  Spectrophotometric Titration of Ethylenediamine Tetraacetanilide
with Co(n) in water saturated butan-l-ol at 298.15 K
Molar fraction of Co(II) :0,49, 0.53, 0.60, 0.66, 0.72
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Fig, 3.12: Spectrum  of [Co(H 2 0 )6 ]^'^ in bu tan-l-o l sa tu ra ted  w ith w ater a t
298.15 K
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3.2.3 Spectrophotometric Titration of Ethylenediamine Tetraacetanilide (L) with 
Cu(n) ' i perchlorate in water saturated butan-l-ol at 298.15 K.
Spectrophotometric titration data for ethylenediamine tetraacetanilide and Cu(II) in 
water saturated butan-l-ol at 298.15 K are shown in table 3.5 and in Figs.3.15 (Cu 
molar fraction 0.13-0.53) and 3.16 (Cu molar fraction 0.50-0.78).
Interesting enough unlike Ni(II) and Co(II) where the wavelengths o f maximum 
absorbance were found at 0.5 molar fraction, for Cu(II), the wavelength does not 
remain constant and the maximum is shifted continuously to higher wavelengths for the 
different Cu(II) molar fractions (table 3.5).
Plots o f absorbance at several wavelengths against molar fraction o f Cu(Il) shown in 
Fig.3.17 reflect that with this metal cation, more than one species are found in 
solution. Taking into account eqn.2.20, two complexes o f different stoichiometry (1:1 
and 2:3) seem to be present in solution and these are explained as follows: A 2:3 
(Cu:L) stoichiometry requires a molar fraction of 0.6 and 0.4 for the ligand and the 
cation; respectively. The data shown in Fig.3.17 suggest that this is indeed the case. 
Therefore, the presence of a binuclear complex [Cu2 Lg]'*'  ^is proposed.
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Table 3,5 : C u(n) Spectrophotom etric T itration w ith E thylenediam ine 
Tetraacetanilide in w ater saturated  bu tan -l-o l a t 298.15 K
M etal/L igand
stoichiom etric
ratio
M olar fraction of 
c u (n )
M axim um
A bsorbance
W avelength
nm
1 ; 7.01 0.13 0.321 680
1 :3.51 0 . 2 2 0.466 720
1 : 2.34 0.30 0.584 730
1 : 1.75 0,36 0.682 740
1 : 1.40 0.42 0.781 760
1 : 1 . 2 0.46 0.857 770
1 : 1 . 0 0 0.50 0.930 780
1 : 0.91 0.53 0.944 790
1 : 0.77 0.56 0.952 790
1 : 0.63 0.61 0.971 790
1 : 0.53 0.65 0.982 790
1 : 0.48 0 . 6 8 0.993 790
1 : 0.42 0.71 1.005 790
1 : 0.37 0.73 1.014 790
1 ; 0.33 0.75 1.026 790
1 : 0.28 0.78 1.040 790
152
5CDCD
( II
00 00
CD
I U  II
CD
CO00<C
CD
CD CD
0 0CP.
0 0
CD CD
CDCDUO
CDCDCOa
Fig. 3.15 : Spectrophotometric Titration of Ethylenediamine Tetraacetanilide 
with Cu(n) in water saturated butan-l-ol at 298.15 K  
Molar fraction of Cu(II) : 0.13, 0.22, 0.30, 0.36, 0.42, 0.46, 0.50, 0.53
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Fig. 3.16 : Spectrophotometric Titration of Ethylenediamine Tetraacetanilide 
with Cu(D) in water saturated butan-l-ol at 298.15 K  
Molar fraction of Cu(II) : 0.50, 0.56, 0.61, 0.65, 0.68, 0.71, 0.73, 0.75, 0.78
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Fig.3.18 (a, b, c, d, e) shows absorbance values at different wavelengths against molar 
fraction o f Cu(II). A clear inflection point is found at a Cu(II) molar fraction o f 0.5, at 
790-800 nm. The continuous increasing in absorbance values (Figs. 3.15 and 3.16), 
may be due to the presence of [Cu(H2 0 )g]^'^ in solution.
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Fig 3,18a : Spectrophotometric Titration of Ligand Solution (8.0 ml, 4.01 x 10"^  
mol dm" )^ with Cu(C104)2 (0.018 mol dm" )^ in water saturated butan-l-ol at
298.15 K
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Fig 3.18h : Spectrophotometric Titration of Ligand Solution (8.0 ml, 4.01 x 10"^  
mol dm" )^ with € 0 (0 0 4 )2  (0 018 mol dm" )^ in water saturated butan-l-ol at
298.15 K
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Fig 3,18c : Spectrophotometric Titration of Ligand Solution (8.0 ml, 4.01 x 10"^  
mol dm" )^ with € 0 (0104)2 (0.018 mol dm" )^ in water saturated butan-l-ol at
298.15 K
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Fig 3.18(1 : Spectrophotometric Titration of Ligand Solution (8.0 ml, 4.01 x 10"^  
mol dm"3) with Cu(€ 10^)2 (0.018 mol dm" )^ in water saturated butan-l-ol at
298.15 K
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Fig 3.18e : Spectrophotometric Titration of Ligand Solution (8.0 ml, 4.01 x 10“^  
mol dm“^ ) with Cu(C104)2 (0.018 mol dm" )^ in water saturated butan-l-ol at
298.15 K
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3.3 Thermodynamic Studies
Following spectrophotometric studies in wliich the stoichiometries o f the complexes 
formed in solution were determined, microcalorimetric measurements were carried out 
to derive stability constant (hence Gibbs energy) enthalpy and entropy data for the 
complexation reaction involving ethylenediamine tetraacetanilide and metal cations 
(Np^, Co^+'and Cu^^) in water saturated butan-l-ol at 298.15 K. A simulation 
program was used to calculate the appropriate concentrations o f titrant (metal cation 
salt) and titrate (ligand) to be used in the microcalorimeter. (Fig. 3.19)
Potential-time curve for the titration process is shown in Fig3.20.
Corrections for the heat of dilution of the metal cation salt in this solvent were carried 
out. The slow titration technique was used for these measurements. The standard 
reaction used to check the accuracy o f the microcalorimeter was that suggested by 
Brignner and Wadso^^^.
Microcalorimetric data for the titration o f ethylenediamine tetraacetanilide with Ni(II) 
perchlorate in water saturated butan-l-ol at 298.15 K are shown in table 3.6. Tables 
3.7 and 3.8 list corresponding data for Co(II) and Cu(II); respectively.
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Fig. 3.19 : Simulation curve for the calculation of the concentrations of ligand 
and metal ion salt to be used in the calorimetric run
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Table 3.6 : Microcalorimetric Titration data of Ni(II)
perchlorate and Ethylenediamine tetraacetanilide in water
saturated butan-l-ol at 298.15 K
Ni2 + L Q V
mol dm “^ mol dm 3 J p i
7.079 X  10-4 4.965 X  10-3 -0.04837 19.96
1.406 X 10-3 4.930 X  10-3 -0.04804 39.92
2.094 X  10-3 4.895 X 10-3 -0.04984 59.88
2.773 X  10-3 4.861 X  10-3 -0.04928 79.85
3.442 X 10-3 4.828 X 10-3 -0.04910 99.81
4.102 X  10-3 4.795 X 10-3 -0.04935 119.77
4.753 X  10-3 4.762 X  10-3 -0.02938 139.73
5.396 X  10-3 4.730 X  10-3 -0.00170 159.69
6.030 X  10-3 4.699 X  10-3 -0.02726 179.65
6.655 X  10-3 4.667 X  10-3 -0.00182 199.61
7.272 X  10-3 4.636 X  10-3 -0.00354 219.57
7.881 X  10-3 4.606 X  10-3 -0.00277 239.53
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Table 3,7 : Microcalorimetric Titration data of Co(II)
perchlorate and Ethylenediamine tetraacetanilide in water
saturated butan-l-ol at 298.15 K
Co^+ L Q V
mol dm"3 mol dm"3 J pL
7.0933 xlO-4 4.965 X 10-3 -0.02812 19.96
1.409 X  10-3 4.930 X  10-3 -0.04496 39.92
2.098 X  10-3 4.895 x 10-3 -0.04229 59.88
2.778 X  10-3 4.861 X  10-3 -0.03853 79.85
3.449 X  10-3 4.828 X  10-3 -0.04044 99.81
4.110 X  10-3 4.795 X  10-3 -0.04032 119.77
4.763 X  10-3 4.762 X  10-3 -0.01731 139.73
5.407 X 10-3 4.730 X  10-3 -0.00156 159.69
6.042 X  10-3 4.699 X  10-3 -0.00342 179.65
6 . 6 6 8  X  10-3 4.667 X  10-3 -0.00322 199.61
7.287 X  10-3 4.636 X 10-3 -0.00307 219.57
7.897 X  10-3 4.605 X  10-3 -0.00284 239.53
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Table 3.8 : Microcalorimetric Titration data of Cu(II)
perchlorate and Ethylenediamine tetraacetanilide in water
saturated butan-l-ol at 298.15 K
Cii2+ L Q V
mol dm"3 mol dm-3 J pi
6.973 X 10-4 7.920 X  10-3 -0.05576 19.96
1.385 x 10-3 7.864 X 10-3 -0.05427 39.92
2.063 X  10-3 7.809 X 10-3 -0.05916 59 .88
2.731 X  10-3 7.755 X 10-3 -0.06224 79.85
3.391 X  10-3 7.702 X 10-3 -0.05987 99.81
4.041 X  10-3 7.649 X  10-3 -0.06116 119.77
4.682 X 10-3 7.597 X  10-3 -0.06114 139.73
5.315 X  10-3 7.546 X  10-3 -0.06211 159.69
5.939 X  10-3 7.495 X  10-3 -0.5930 179.65
6.555 X  10-3 7.446 X  10-3 -0.05830 199.61
7.163 X  10-3 7.396 X  10-3 -0.03121 219.57
7.763 X  10-3 7.348 X  10-3 -0.00662 239.53
8.355 X  10-3 7.300 X  10-3 -0.00680 259.49
8.939 X  10-3 7 .2 5 3 x 10-3 -0.00472 279.45
9 .5 1 6  X  10-3 7.206 X  10-3 -0.00615 299.41
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Table 3.9 reports the thermodynamic parameters of complexation (log ,and derived 
AqH° and AgS°) o f ethylenediamine tetraacetanilide (L) with Cu(II), Ni(II) and 
Co(II) in butan-l-ol saturated with water at 298.15 K. These data correspond to the 
process represented by:
M2+(s) + L(s) - >  M2+L(s) (3.4)
where
M  : metal cation 
L : Ligand 
A : counter anion 
n = 1,2,3 . . . 6
Table 3,9 : Thermodynamic Parameters of Complexation of 
Ethylenediamine Tetraacetanilide and Transition Metal 
Cations in Butan-l-ol Saturated with Water at 298.15 K
Cation log Kc AcG° 
k J  mol“l
AcH° 
k J  mol"l
AeS°
J  mol-1 K-1
Cu2 + 4.41 ±0.01 -25.80 ± 0 .24 -31.54 ± 1.45 -19.3
Co^+ 4.18 ±0 .04 -23.85 ± 0 .22 -22.16 ± 1.24 5.7
Ni2 + 4.65 ± 0.02 -26.54 ± 0 .12 -25.38 ± 0 .74 3.9
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Based on the very diluted solutions used in the calorimetric runs and the fact that the 
organic phase contains large quantities of water which will alter the solvent properties 
(higher dielectric constant) relative to pure butan-l-ol, for the derivation o f stability 
constants and enthalpy data it is assumed that both, the metal cation salt and the metal 
complexed salt are fully dissociated in the water saturated butan-l-ol solvent. The 
results show that the ligand in the organic phase is able to selectively recognize these 
cations in the following order NP'*' > Cu^^- > Co^" .^ However, this pattern is not 
obseiwed in the extraction process(section 3.7) since in this, the transfer o f the metal 
cation and the anion from water play a significant role. The thermodynamic data show 
that in all cases, the process is enthalpically favoured. Interesting enough, unlike 
Cu(II), for the complexation o f Co(II) and N i(ll) with this ligand, favourable (positive) 
entropies are observed.
This favourable entropy change observed for the cobalt and nickel complexes indicate 
that these complexes may have additional chelate rings relative to the copper complex.
This statement is based on the suggestion made by Chungl^3 regarding the entropy 
associated with chelation reactions, where studies carried out with uni, poly and 
macrocyclic ligands were analyzed. It was concluded that the presence o f additional 
chelate rings leads to favourable entropy changes, due to favourable translation , A|-raS 
and intrinsic, Aj^S, entropies.
Taking into account the ionic radii o f the cations (Cu2+ ; 0.87 Â, Co2+ ; 0.89 A, Ni2+ : 
0.83 A)39 and assuming that ethylenediamine tetraacetanilide behaves as an 
hexadentate ligand, it is expected that the smallest cation (Ni^"^) is likely to be 
surrounded by the ligand. However, if the ligand behaves as pentadentate, a suitable
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molecule {i.e. H 2 O) is likely to complete the six coordination site o f the metal cation. 
Hence the unbound end o f the ligand in the chelation process would contribute 
positively to the term due to the favourable translation and intrinsic rotation 
entropy factors.
I f  the ligand behaves in an analogous manner for Cu(II), again a water molecule will be 
required to complete its coordination sphere in the copper complex. Assuming that the 
ligand in this copper complex has an unbound end, the translation and intrinsic rotation 
may be considered nule. Therefore, it is concluded that ethylenediamine 
tetraacetanilide is a suitable ligand for Cu(II) cation.
3.4 SYNTHESIS AND CHARACTERIZATION OF 
METAL-ION COMPLEXES OF ETHYLENEDIAMINE 
TETRAACETANILIDE
The formation o f 1:1 (metal-ion:ligand) complexes of ethylenediamine tetraacetanilide 
with Ni(II), Co(II) and Cu(II) in water saturated butan-l-ol was checked by 
UV/Visible spectrophotometric studies discussed in the previous section. In addition, 
the formation o f a binuclear copper complex [Cu2 L 3](C1 0 ^ ) 4  in the same solvent was 
suggested. In the present work, attempts have been made to isolate and characterise 
these complexes by IR spectrophotometry and whenever possible the crystal structure 
was analysed by X-ray diffraction studies and these are now discussed.
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3.4.1 Nickel Complexes
Two nickel complexes have been isolated. These are : 
aqua-ethylenediamine tetraacetanilide nickel (II) perchlorate: 
[NiL(H2 0 )](C 1 0 4 )2 -2 .5 H 2 0  and
ethylenediamine tetraacetanilide nickel (II) perchlorate: [NiL](C1 0 4 )2 ’6 H 2 0
For the preparation o f  the former nickel complex, water saturated butan-l-ol was used 
as reaction medium. Tiny pale-blue crystals settled down after several weeks. The 
latter complex was prepared using ethanol as reaction medum. Crystallization was 
performed using the same solvent, pal e-Blue needles of this complex were obtained 
but these were not suitable for X-ray crystallography.
3.4.2 Cobalt complexes
Two cobalt complexes have been isolated. These are: 
aqua-ethylenediamine tetraacetanilide cobalt(II) perchlorate: 
[CoL(H2O)](ClO4)2'H2O0.5C2HjOHand
ethylenediamine tetraacetanilide cobalt(II) perchlorate, [CoL](C1 0 4 ) 2  2 H 2 O.
The former was recrystallized from ethanol containing an excess o f NaC 1 0 4 . Pink 
crystals were isolated which were shown to be suitable for X-ray analysis and this is 
discussed latter.
Likewise the preparation o f [CoL](C1 0 4 )2 '2 H2 0  was performed using water 
saturated butan-l-ol as the reaction medium. The formation o f the crystalline
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compound was very slow and took several weeks. Attempts for recrystallization were 
not successful and the tiny pink crystals obtained were unsuitable for X-ray 
crystallographic studies.
3.4.3 Copper Complexes
Three copper complexes have been isolated. These are: 
aqua-ethylenediamide tetraacetanilide copper(II) perchlorate:
[C uL (H 20)](C 104)2- 1. 5H 2O;
ethylenediamide tetraacetanilide copper(II) perchlorate, [CuL](C1 0 4 )2 *0 .5 H 2 0  and 
[Cu2 L 3 ](C 1 0 4 )4 ' 1.5 H 2 O. Since the structure of the latter is still unknown, its 
nomenclature has not been assigned.
[CuL(H 2 0 )](C 1 0 4 )2 ' 1.5 H 2 O was prepared using water saturated butan-l-ol as the 
reaction medium. The compound, reciystallized from a water-ethanol mixture 
containing an excess o f NaC 1 0 4 , was obtained as green pale-blue crystals which were 
suitable for X-ray analysis.
The complex [CuL](€ 1 0 4 )2 ’O.5 H 2 O was prepared using ethanol as the reaction 
medium and recrystallization was performed with ethanol which contained an excess of 
NaC 1 0 4 . The compound settled down as green crystals which appeared to be suitable 
for X-ray analysis. However, when these crystals were filtered and drained under 
vacuo (water pump), the loss of crystallization solvent led in a short time to the 
collapse o f the crystal giving a dark-green compound. Therefore, the solvent (ethanol) 
seems to be essential for retaining the crystal structure.
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The binuclear complex of copper, [Cu2 Lg](C1 0 4 )4 ' 1.5 H2 O was obtained when an 
excess o f the ligand reacted with € 0 (0 1 0 4 )2 . A green compound was obtained. 
Methods such as slow evaporation, solvent diffusion were unsuccessful for the 
obtention o f suitable crystals for X-ray crystallography.
3.5 INFRARED SPECTROPHOTOMETRIC STUDIES
Infrared spectra in the range from 400 to 4000 cm"l, were obtained for the metal ion 
complexes discussed above. Table 3.10 summarizes the different band assignments for 
the various functional groups in these compounds. The main bands obtained in the 
spectrum of the free ligand are also included. The different spectra are shown in Figs. 
3.21 to 3.27.
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In the metal complexes, the absorption band of the carbonyl group has been shifted to 
lower frequencies which is taken as an indication that, the ionic character o f the 
carbonyl group has been lost due to the formation of a coordination bond with the 
metal cation. This is observed for all these complexes and the position o f the band 
seems to be influenced by several factors among which the charge density and the size 
of the metal ion are particularly relevant.
Metal ions of high charge density and small size appear to enhance the covalent 
character of the metal-oxygen bond. However, some interesting features are observed 
for two of these metallic complexes. Thus, the spectra for 
[CuL(H2 0 )](C 1 0 ^)2 ' 1.5 H 2 O and pSfiL(H2 0 )](C1 0 4 )2 *2 .5 H 2 0  are almost identical and 
both o f them show a strong band at 1706 cm"^ which suggest the presence o f a free 
amide group. Hence, this ligand may behave as pentadentate for Cu(II) with the six 
position in the coordination sphere occupied by a water molecule. These findings are 
to be confirmed by X-ray crystallography discussed latter on this thesis. The presence 
o f a band at 1706 cm"l in the [NiL(H2 0 )](C 1 0 4 ) 2  2 .5 H 2 O complex leads to the 
suggestion that this compound may have the same type of structure o f that found for 
the copper complex.
In the case o f the [CoL(H2 0 )](C 1 0 4 ) 2  H 2 O O.5 C2 H 5 OH complex, the presence o f an 
unbounded amide group is not observed in the IR spectrum which may suggest that 
this ligand behaves as hexadentate for Co(II). Further discussion on this complex is 
found in the X-ray analysis.
The absence of a band at 1706 cm"^ for the proposed complexes such as 
[CuL](C1O4)2*0.5H2O, [NiL](C1 0 4 )2 -6 H2 0  and [CoL](C1 0 4 )2 "2 H 2 0  with respect to
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their aqua-complexes mentioned above, suggests that ethylenediamine tetraacetanilide 
encompasses these cations in full and may also behave as an hexadentate ligand. The 
suggested structure for these metal-ion complexes is shown in Fig.3.28.
N— (
(0 1 0 4 ) 2
M  : Cu2+, Co2+, N i2+
Fig. 3.28 : Suggested structu re for [ML](0 0 4 ) 2  complexes
For the [Cu^Lg](0 0 4 ) 4  complex, the band observed at 1677 cm 'l suggests the 
presence o f an unbounded amide function in this compound. Taking into account 
UV/Visible spectrophotometric studies and the isolation and identification o f the 
[CuL(H 2 0 )](0 0 4 )2 'l  5 H 2 O complex, it may be suggested that the formation o f the 
binuclear complex takes place through this aqua-complex which with an excess o f the 
ligand leads to the removal o f the coordination water with the formation o f a bridge 
linking the two mononuclear species. The following reaction mechanism is proposed:
[CuL(H2 0 )]2+(s) + L(s) [LCuL]2+(s) + [CuL(H20)]2+(s)
[Cu2L3]4+(s) (3.5)
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It must be emphasized that this is only a suggestion and further studies should be 
carried out to verify whether or not this is the case.
3.6 X-RAY STRUCTURAL ANALYSIS
From the several isolated metallic complexes, two of them were obtained as suitable 
crystals to perform X-ray crystallographic studies. These are:
[CuL(H2 0 )](C 1 0 4 )2 ' 1 - 5  H 2 O and 
[CoL(H2O)](C1O4)2*H2O-0-5C2H5OH
3.6.1.Structure of Aqua-Ethylenediamine tetraacetanilide copper(II) 
perchlorate: [CuL(H2 0 )](0 0 4 )2*1*5 H2O
The molecular structure o f the complex and the numbering scheme is shown in 
Fig.3.29. A striking feature o f the crystal structure is that in the complex, L  acts as a 
pentadentate ligand using its two amino nitrogen atoms (one in-plane, the other out-of­
plane) and three o f its amide oxygen atoms (two in-plane, one out-of-plane) for 
coordination. A water ligand occupies the remaining in-plane coordination site.
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Table 3.11 : Positional Param eters with Estim ated S tandard  Deviations in
Parentheses
atom X y z 5eq
Cu(l) 0.0080 (8 ) 0.8492 (1) 0.0286 (0 ) 2.95
C l(l) 0.3726 (1) 0.8097 (3) 0.7978 (3) 4.83
Cl(2) -0.0095 (2) 1.3287 (2) 0.0510(3) 6 . 2 0
C (l) -0.0355 (4) 0.7843 (9) 0.2422 (9) 3.48
C(2) 0.0045 (4) 0.8663 (9) 0.2679 (9) ' 4.06
N (l) -0.0222 (3) 0.7174 (7) 0.1457 (8 ) 3.14
N(2) 0.0111 (3) 0.9424 (7) 0.1715(7) 3.09
C (H ) -0.0637 (4) 0.6716 (9) 0.0849 (9) 3.52
C(12) -0.0925 (4) 0.5863 (9) 0.1489 (11) 3.55
0 ( 1 1 ) -0.0822 (3) 0.5533 (6 ) 0.2387 (7) 4.43
N ( l l ) -0.1316(3) 0.5554 (9) 0.0895 (9) 4.75
C(21) 0.0167 (4) 0.6362 (10) 0.1682(10) 4.15
C(22) 0.0652 (4) 0.6760 (8 ) 0.1186 (9) 3.18
0 (2 1 ) 0.0686 (3) 0.7647 (6 ) 0.0672 (6 ) 4.08
N(21) 0.1030 (3) 0.6114(8) 0.1338 (9) 4.44
0(31) 0.0596 (4) 0.9942 (9) 0.1724(10) 3.76
C(32) 0.0745 (4) 1,0282 (8 ) 0.0568 (9) 3.22
0(31) 0.0568 (3) 0.9824 (6 ) -0.0260 (6 ) 3.57
N(31) 0.1094 (3) 1.1039(7) 0.0501 (8 ) 4.07
0(41) -0.0284 (4) 1.0266 (9) 0.1663 (11) 4.20
0(42) -0.0596 (4) 1.0103 (9) 0.0624 (9) 3.75
0(41) -0.0524 (3) 0.9359 (7) 0.0026 (6 ) 4.26
N(41) -0.0949 (3) 1.0816(8) 0.0503 (9) 4.78
0 ( 1 ) 0.0025 (3) 0.7730 (7) -0.1164 (7) 4.39
0 (2 ) 0.3431 (5) 0.7947 (11) 0.8940(11) 8.70
0(3 ) 0.3457 (4) 0.7919(11) 0.6998 (9) 8.65
0(4 ) 0.4108 (4) 0.7318(7) 0.7977(11) 7.23
0(5) 0.3932 (4) 0.9141 (8 ) 0.8010 ( 1 0 ) 7.16
0 (6 ) 0.0054 (5) 1.2268 (5) 0.0079 (11) 8.62
0(7) -0.0448 (6 ) 1.3095 (12) 0.1351 (12) 13.75
0 ( 8 ) -0.0309 (6 ) 1.3958 (16) -0.0315 (12) 13.56
0(9 ) 0.0323 (5) 1.3891 (13) 0.0827 (22) 18.63
0 ( 1 0 ) 0.5366 (5) 0.9245 (8 ) 0.8918 (9) 7.29
0 ( 1 2 ) 0.6108 ( 1 1 ) 0.6992 (26) 0.7617 (30) 11.94
0(13) -0.1663 (3) 0.4735 (8 ) 0.1070 (10) 5.63
cont.
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C(14) -0.2015 (3) 0.4607 ( 8 ) 0.0243 (10) 7.03
C(15) -0.2380(3) 0.3828 (8 ) 0.0370 (10) 9.15
C(16) -0.2394 (3) 0.3176 (8 ) 0.1324(10) 8.16
C(17) -0.2042 (3) 0.3304 (8 ) 0.2151 (10) 11.47C(18) -0.1676 (3) 0.4083 (8 ) 0.2024 (10) 9.26C(23) 0.1498 (2) 0.6271 (7) 0.0861 (7) 4.09C(24) 0.1690(2) 0.7283 (V) 0.0564 (7) 5.05
C(25) 0.2165 (2) 0.7356 (7) 0.0164(7) 6.80
C(26) 0.2447 (2) 0.6417 (7) 0.0060 (7) 6.47
C(27) 0.2255 (2) 0.5404 (7) 0.0356 (7) 7.30
C(28) 0.1780 (2) 0.5331 (7) 0.0757 (7) 6.45
C(33) 0.1324 (3) 1.1351(6) -0.0522 (6 ) 4.08
C(34) 0.1466(3) 1.0595 (6 ) -0.1329 (6 ) 5.80
C(35) 0.1712(3) 1.0944 (6) -0.2283 (6 ) 7.60
C(36) 0.1816(3) 1.2049 (6 ) -0.2429 (6 ) 7.35
C(37) 0.1674(3) 1.2805 (6 ) -0.1621 (6 ) 5.76
C(38) 0.1428 (3) 1.2456 (6 ) -0.0668 (6 ) 4.36C(43) -0.1279 (3) 1.0879 (8 ) -0.0393 (7) 5.06C(44) -0.1453 (3) 0.9954 (8 ) -0.0943 (7) 5.13
C(45) -0.1789(3) 1.0065 (8 ) -0.1806 (7) 6 . 1 1
C(46) -0.1952(3) 1.1099 (8 ) -0.2120 (7) 7.94
C(47) -0.1778 (3) 1.2023 (8 ) -0.1570(7) 9.19
C(48) -0.1441 (3) 1.1913 (8 ) -0.0706 (7) 7.71
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Table 3.12^ : Bond Lengths and Bond Angles for the 
[CuL(H2 0 )](CI0 4 )2 .1.SH2 0  Complex obtained from X-ray crystallography
a) Bond Lengths (A)
N (l)-C u(l) 2.295 (9) N(2)-Cu(2) 2.061 8 )
0 (21)-C u(l) 2.018 (7) 0(31)-Cu(l) 2.214 8 )
0 (41)-C u(l) 2.007 (8 ) 0(1)-C u(l) 1.978 8 )
0(2)-C l(l) 1.422(12) 0(3)-CI(l) 1.407 1 0 )
0 (4)-C I(l) 1.420(10) 0(5)-C l(l) 1.399 1 0 )
0(6)-Cl(2) 1.412(4) 0(7)-Cl(2) 1.419 5)
0(8)-CI(2) 1.415 (5) 0(9)-CI(2) 1.420 5)
C(2)-C(l) 1.524(15) N (l)-C (l) 1.465 13)
N(2)-C(2) 1.496 0 3 ) C (ll)-N (l) 1.468 13)
C(21)-N(l) 1.486 0 5 ) C(31)-N(2) 1.477 13)
C(41)-N(2) 1.501 (13) C (12)-C(ll) 1.520 15)
0(11)-C(12) 1.184 0 4 ) N (ll)-C (12) 1.344 14)
C (13)-N (ll) 1.401 (12) C(22)-C(21) 1.540 16)
0(21)-C(22) 1.253 0 2 ) N(21)-C(22) 1.321 13)
C(23)-N(21) 1.421 (11) C(22)-C(21) 1.540 16)
0(21)-C(22) 1.253 (12) N(21)-C(22) 1.321 13)
C(23)-N(21) 1.421 (11) C(32)-C(31) 1.503 15)
0(31)-C(32) 1.239 0 2 ) N(31)-C(32) 1.338 13)
C(33)-N(31) 1.432(11) C(42)-C(41) 1.526 16)
0(41)-C(42) 1.216 0 2 ) N(41)-C(42) 1.314 14)
C(43)-N(41) 1.409 0 2 )
b) Angles (“)
N (2)-C u(l)-N (l)
0(21)-C u(l)-N (l)
0(31)-C u(])-N (l)
84.1 (3) 
78.4 (3) 
156.9 (3)
0(21)-C u(l)-N (l)
0(21)-Cu(l)-N (2)
0(31)-Cu(l)-N (3)
78.4 (3)
93.4 (3) 
79.1(3)
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0(31)-Cu(l)-0(21) 86.8 (3) 0(41)-Cu(l)-N(l) 100.7(3)
0(41)-Cu(l)-N(2) 84.0 0 ) 0(41)-Cu(l)-0(21) 177.3 (3)
0(41)-Cu(l)-0(31) 93.3 (3) 0(1)-Cu(l)-N(l) 100.2 (3)
0(1)-Cu(l)-N(2) 174.2 (3) 0(1)-Cu(l)-0(21) 91.4(3)
0(1)-Cu(l)-0(31) 97.8 (3) 0(1)-Cu(l)-0(41) 91.3 0 )
0(3)-CI(l)-0(2) 110.9(7) 0(4)-Cl(l)-0(2) 109.6 (8)
0(4)-CI(l)-0(3) 106.5 (8) 0(5)-CI(l)-0(2) 109.1 (8)
0(5)-Cl(l)-0(3) 112.2(7) 0(5)-Cl(l)-0(4) 108.4 (7)
0(7)-Cl(2)-0(6) 108.2(8) 0(8)-Cl(2)-0(6) 112.3 (1)
0(8)-Cl(2)-0(7) 107.9 (1) 0(9)-Cl(2)-0(6) 108.9 (1)
0(9)-Cl(2)-0(7) 116.8(1) 0(9)-CI(2)-0(8) 102.8 (1)
N(l)-C(l)-C(2) 110.3 (8) N(2)-C(2)-C(l) 110.1 (9)
C(l)-N(l)-Cu(l) 100.4 (6) C (ll)-N (l)-C u(l) 104.3 (6)
C (ll)-N (l)-C (l) 114.2(8) C(21)-N(l)-Cu(l) 108.7 0 )
C(21)-N(l)-C(l) 114.4(9) C(21)-N(l)-C(ll) 113.4 (8)
C(2)-N(2)-Cu(l) 106.9 (6) C(31)-N(2)-Cu(l) 106.4 (6)
C(31)-N(2)-C(2) 111.9(8) C(41)-N(2)-Cu(l) 108.4(6)
C(41)-N(2)-C(2) 111.9(9) C(41)-N(2)-C(31) 111.1 (8)
C(12)-C(ll)-N(l) 114.7(9) 0(11)-C(12)-C(11) 124.6 (1)
N (ll)-C (12)-C (ll) 110.1 (1) N(ll)-C(12)-0(11) 125.2 (1)
C(13)-N(ll)-C(12) 132.0 0 ) C(14)-C(13)-N(ll) 116.6 (6)
C(18)-C(13)-N(H) 123.4 (6) C(22)-C(21)-N(l) 110.0(9)
0(21)-C(22)-C(21) 122.0 0 ) N(21)-C(22)-C(21) 116.1 (9)
N(21)-C(22)-0(21) 121.9 0 ) C(22)-0(21)-Cu(l) 119.7 0 )C(23)-N(21)-C(22) 125.3 (9) C(24)-C(23)-N(21) 124.5 (5)
C(28)-C(23)-N(21) 115.4(5) C(32)-C(31)-N(2) 111.0(8)
0(31)-C(32)-C(31) 120.4 (8) N(31)-C(32)-C(31) 116.3 (9)
N(31)-C(32)-0(31) 123.2(1) C(32)-0(31)-Cu(l) 109.6 (6)
C(33)-N(31)-C(32) 123.7 (9) C(34)-C(33)-N(31) 122.7 (5)
C(38)-C(33)-N(31) 117.2(5) C(42)-C(41)-N(2) 110.7(9)
0(41)-C(42)-C(41) 121.8 0 ) N(41)-C(42)-C(41) 114.8(1)
N(41)-C(42)-0(41) 123.3 0 ) C(41)-0(41)-Cu(l) 114.5 (7)
C(43)-N(41)-C(42) 126.6 0 ) C(44)-C(43)-N(41) 122.5 (6)
C(48)-C(43)-N(41) 117.5(6) H(A)-0(1)-Cu(l) 129.5 0 )
H(B)-0(1)-Cu(l) 88.5 (8) H(B)-0(1)-H(A) 141.9(11)
H(10B)-0(10)-H(10A) 116.4 (11)
^ Numbers in parentheses are standard deviations in the last significant digits
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Fig. 3.29 : Pluto Diagram of the [CuL(H2 0 )]2 + complex
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3.9.2.Structure of Aqua-Ethylenediamiiie tetraacetaiiilide cobalt(n) perchlorate: 
[ C o L ( H 2 0 ) ] ( C 1 0 4 ) 2 * H 2 0 0 .5 C 2 H 5 0 H
The most striking feature of the structure in this metallic complex is that the metal-ion 
complex coordination number is seven. L acts as an hexadentate ligand using its two 
amino nitrogen (out-of-plane) and four amide oxygen atoms (in-plane). The seventh 
position is occupied by a water molecule. Therefore, a capped trigonal prism is the 
geometrical arrangement. (Fig. 3.30) for this complex.
Fig. 3.30 : A  capped trigonal prism
The crystal structure is shown in Fig.3.31. A better view o f the metallic complex is 
given in Fig.3.32 with the atoms involved in the coordination.
This coordination number may be explained in terms of the ionic radius o f Co(II) (0.89 
Â)3®. The relative large size of this cation respect to Cu(II) and Ni(II), suggests that 
the ligand encompasses the Co(II) cation but it is unable to surround it in full and a 
seventh position is opened up and a water molecule is able to coordinate Co(II) cation.
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Table 3.13 : Positional Parameters with Estimated Standard Deviations in
Parentheses
atom X y z Beq A*
Co 0.8737(1) 0.2109 (1) 0.9241 (1) 3.14
0 (1) 0.7829 (5) 0.2859 (4) 0.8690 (1) 4.57
0 (2 ) 0.9885 (5) 0.2442 (4) 0.8470 (4) 4.15
0(3 ) 0.7325 (4) 0,1672(4) 0.9410 (4) 4.14
0(4) 0.9792 (5) 0.1375 (4) 0.9641 (4) 4.39
N(12) 0.9285 (6 ) 0.3091 (4) 0.9907 (5) 3.90
N(34) 0.8593 (5) 0.1901 0 ) 1.0743 (5) 3.56
OHj» 0.8504 (5) 0.1513 0 ) 0.8060 (4) 4.46
C (l) 0,8831 (7) 0.3679 (6 ) 0.9401 ( 8 ) 4.56
C(2) 1.0266(7) 0.3109(6) 0.9801 (7) 4.36
C(3) 0.7640 (7) 0.1980(6) 1.0960(6) 4.04
0(4) 0.8902 (7) 0.1190(5) 1.0896(7) 4.04
N (l) 0.7429 (7) 0.3963 (4) 0.8566 (6 ) 4.69
N(2 ) 1.1237(6) 0.3006 (5) 0.8537 (6 ) 4.38
N(3) 0.6120 (6 ) 0.1832 (6 ) 1.0261 (7) 4.38
N(4) 1.0387(6) 0.0682 (4) 1.0760(6) 4.21
0 ( 1 2 ) 0.9090 (8 ) 0.3091 (6 ) 1.0887(6) 4.46
0(34) 0.9188 (7) 0.2379 (5) 1.1279(6) 3.60
C(IOO) 0.7985 (7) 0.3464 (5) 0.8874 (6 ) 3.78
C(lO l) 0.6592 (8 ) 0.3918 (6 ) 0.8059 (7) 4.63
C(102) 0.6073 (8 ) 0.3331 (7) 0.7966 (9) 5.71
0(103) 0.5227 (9) 0.3344 ( 8 ) 0.7481 (10) 6.44
0(104) 0.4882 (11) 0.3936 (9) 0.7070 (12) 7.45
0(105) 0.5425 (13) 0.4490 (9) 0.7133 (13) 8.96
0(106) 0.6249 0 1 ) 0.4501 (7) 0.7623 (11) 7.29
0 (2 0 0 ) 1.0449 (6 ) 0.2820 (53) 0 . 8 8 6 8  (6 ) 3.77
0 (2 0 1 ) 1.1586 0 ) 0.2744 (6 ) 0.7716 (7) 4.36
0 (2 0 2 ) 1.1453 0 ) 0,2085 (6 ) 0.7449 (7) 4.61
0(203) 1.1846(8) 0.1849(7) 0.6674 ( 8 ) 5.33
0(204) 1.2350 0 ) 0.2274 (8 ) 0.6164 (9) 5.95
0(205) 1.2448(10) 0.2958 (10) 0.6430 (10) 7.32
0(206) 1.2092(9) 0.3190(7) 0.7218 (9) 5.75
0(300) 0.7011 0 ) 0.1811 (5) 1.0139(7) 3.91
0(301) 0.5368 (7) 0.1775 (6 ) 0.9590 (8 ) 4.94
0(302) 0.4540 0 ) 0.2045 (10) 0.9801 (10) 7.87
 ^Coordination water
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C(303) 0.3814(10) 0.2041 (11) 0.9195 (11) 8.85
C(304) 0.3850 (8 ) 0.1737 (9) 0.8340 (10) 7.09
C(305) 0.4672 (10) 0.1463 (8 ) 0.8131 (10) 6.47
C(306) 0.5434 (8 ) 0.1483 (7) 0.8753 (8 ) 5.33
C(400) 0.9737 (6 ) 0.1084 (5) 1.0385 (6 ) 3.42
C(401) 1.1244 (7) 0.0502 (5) 1.0450(8) 4.34
C(402) 1.1874 (8 ) 0.0197 (6 ) 1.1064 (9) 5.09
C(403) 1.2738 (9) 0.0041 (6 ) 1.0828 (13) 6.51
C(404) 1.2977(10) 0.01713 ( 8 ) 0.9965 (14) 7.61
C(405) 1.2358 (10) 0.0450 (7) 0.9322(11) 6.87
C(406) 1.1485 (8 ) 0.0631 (6 ) 0.9561 ( 8 ) 5.15
Table 3.14 : Bond Lengths and Bond Angles for the 
[CoL(H2 0 )](C104)2’H2 0 ‘O.SEtOH Complex obtained from X-ray
crystallography
a) Bond Lengths (Â)
Co-O (l) 
Co-0(3) 
Co-N(12) 
Co-0* (HjO) 
0(2)-C(200) 
0(4)-C(400) 
N(12)-C(2)
2.099 (7)
2.263 (7) 
2.273 (8 ) 
2.093 (7) 
1.224(12) 
1.238 (11) 
1.454 (13)
Co-O (2) 
Co-0(4) 
Co-N(34) 
0(1)-C(100) 
0(3)-C(300) 
N(12)-C(l) 
N(12)-C(12)
2.186(7) 
2 .157(7)
2.263 (7) 
1.231 (12) 
1.2 2 2 ( 12) 
1.493 (14) 
1.483 (12)
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N(34)-C(3) 1.458(13) N(34)-C(4) 1.475 13)
N(34)-C(34) 1.466(12) C(l)-C(100) 1.477 14)
C(2)-C(200) 1.520(14) CO)-CO00) 1.498 13)
C(4)-C(400) 1.490 0 4 ) N (l)-C(100) 1.329 13)
N (l)-C(101) 1.388 (14) N(2)-C(200) 1.331 13)
N(2)-C(201) 1.434(14) N(3)-C(300) 1.328 13)
N(3>C(301) 1.424(14) N(4)-C(400) 1.321 1 2 )
N(4)-C(401) 1.406(14) C(12)-C(34) 1.510 14)
C(101)-C(102) 1.379(17) C(101)-C(106) 1.383 18)
CO02)-C(103) 1.381 0 » ) C(103)-C(104) 1.384 2 2 )
C(104)-C(105) 1.344(25) C(105)-C(106) 1.357 24)
C(201)-C(202) 1.358 (17) CO01)-C(206) 1.384 17)
C(202)-C(203) 1.387 0 6 ) CO03)-C(204) 1.367 19)
C(204)-C(205) 1.398 0 4 ) C(205)-CO06) 1.375 2 0 )
C(301)-C(302) 1.375 (18) CO01)-C(306) 1.363 17)
C(302)-C(303) 1.335 0 9 ) C(303)-C(304) 1.391 23)
C(304)-C(305) 1.369(20) C(305)-C(306) 1.388 18)
C(401)-C(402) 1.377 (16) C(401)-C(406) 1.396 17)
C(402)-C(403) 1.367 (19) CO03)-CO04) 1.361 27)
C(404)-C(405) 1.371 (22) C(405)-C(406) 1.392 19)
b) Angles (°)
N(12)-Co-N(34) 77.8 (3) 0(34)-Co-N(34) 74.3 (3)
0(4)-Co-N(12) 102.8 (3) 0(3)-Co-N(34) 71.1 (3)
0(3)-Co-N(12) 124.6 (3) 0(3)-Co-0(4) 111.0(3)
0(2)-Co-N(34) 133.1 0 ) 0(2)-Co-N(12) 73.2 (3)
0(2)-C o-0(4) 77.2 (3) 0(2)-Co-0(3) 155.2 (2)
0(l)-C o-N (34) 113.5 (3) 0(l)-Co-N (12) 76.7 (3)
0 (l)-C o -0 (4 ) 171.5 (3) 0 (l)-C o-0 (3 ) 75.5 (3)
0 (l)-C o -0 (2 ) 94.6 (3) 0(*)-Co-N(34) 133.0(3)
0(*)-Co-N(12) 148.9 (3) 0(*)-Co-0(4) 85.7 (3)
0(*)-C o-0(3) 77.6 (3) 0(*)-C o-0(2) 79.9 (3)
0 (* )-C o -0 (l) 90.6 (3) Co-0(l)-C(100) 119.0(7)
Co-0(2)-C(200) 116.7(6) Co-0(3)-C(300) 114.4 (6)
Co-0(4)-C(400) 117.2(6) Co-N(12)-C(12) 109.3 (6 )
Co-N(12)-C(2) 107.2 (6 ) Co-N(12)-C(l) 108.0 (6)
C(2)-N(12)-C(12) 111.3 (7) C(l)-N(12)-C(12) 111.4 (8 )
190
C(l)-N(12)-C(2) 109.6 ( 8 ) Co-N(34)-C(34) 108.2 (5)
Co-N(34)-C(4) 105.6(5) Co-N(34)-C(3) 110.4 (5)
C(4)-N(34)-C(34) 110.9(7) C(3)-N(34)-C(34) 1 1 0 . 8 (7)
N(12)-C(l)-C(100) 111.5(9) N(12)-C(2)-C(200) 108.9 (8 )
N(34)-C(3)-C(300) 1 1 0 . 0  (8 ) N(34)-C(4)-C(400) 108.0 ( 8 )
C(100)-N(l)-C(101) 129.0 (9) C(200)-N(2)-C(201) 125.2 (9)
C(300)-N(3)-C(301) 128.3 (9) N(34)-C(34)-C(12) 110.4 (8 )
C(l)-C(100)-N (l) 116.0(9) 0(1)-C(100)-N(1) 122.3 (9)
0(1)-C(100)-C(1) 121.6(9) C(2)-C(200)-N(2) 115.9 (8 )
0(2)-C(200)-N(2) 124.2 (9) 0(2)-C(200)-C(2) 119.9 (9)
C(3)-C(300)-N(3) 115.9(9) 0(3)-C(300)-N(3) 123.8 (9)
0(3)-C(300)-C(3) 120.3 (9) C(4)-C(400)-N(4) 117.6 (8 )
0(4)-C(400)-N(4) 123.5 (9) 0(4)-C(400)-C(4) 118.9 (8 )
(*) Oxygen o f the coordination water to Co(II)
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Fig. 3.31 : Pluto D iagram  of the complex [CoL(H 2 0 )]2 +
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N 1 2
Fig. 3.32 ; Environment of the cobalt coordination in [CoL(H2 0 )]2+
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3.7 DISTRIBUTION OF METAL CATIONS (Ni2+, Co2+, 
Cu2+, Fe3+ and AP+) IN THE MUTUALLY SATURATED 
WATER-BUTAN 1 OL SYSTEM AT 298.15 K
Although most o f the studies discussed in this thesis are related to the ability o f 
ethylenediamine tetraacetanilide to complex with Ni(II), Co(II) and Cu(II), distribution 
experiments were also carried out with Fe(III) and Al(III) since these two metals are 
currently found with nickel, cobalt and copper in ores. Although, butan-l-ol is soluble 
in water (7.31%)^! and vice versa (11.27 mol Kg‘l)184  ^ a phase separation between 
these two solvents can be achieved and therefore, it was o f interest to study the 
distribution o f the metal cations in the mutually saturated solvent system in an attempt 
to gain information about the possible applications of this ligand in metal extraction 
technology. In order to obtain distribution data, several quantitative methods of 
analysis were used and these are now described.
3.7.1 Spectrophotometric determination of metal cations
Although there are several methods available for the quantification o f metal cations in 
organic solvents using chromophoric reagents, most of them are referred to the use o f 
halogenated solvents (CCI4 , CHCI3 ) or hydrocarbons (C^Hg, C5 H 5 CH3 ) which are the 
ones mostly used in solvent extraction technology.
In the present work, Cu(II) and Ni(II) were both quantified using sodium 
diethyldithiocarbamate in methanol. The calibration curves for Cu(II) (Fig. 3.33) and 
Ni(II) (Fig. 3.34) show that the Beer's law was obeyed for both systems. The
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intercepts (a) and slopes (m) as well as the correlation coefficients (r) are indicated in 
the figures.
0.9
0 . 8 -
0.7-
I  0.6- I 0 .5 -
s
ro 0.4- 
o
^  0.3- <
0 .2 -
0 1 2 3 54 6 7
Molar concentration of Cu(ll)
(Times 10E-5)
y = a -I- mx 
m = 13588 ±23 
^  = 0.008 ± 0 . 0 0 1  
r2  = 0.999
Fig. 3.33 : Calibration cui*ve used for the spectrophotometric determination of
Cu(n) using diethyldithiocarbamate at 298 K
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(Times 10E-5)
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m = 35934 ±171 
a = 0.003 + 0.006 
r2 = 0.999
Fig. 3.34 : Calibration curve used for the spectrophotometric determination of
Ni(n) using diethyldithiocarbamate at 298 K
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Dithizone^ was chosen as the reagent for the quantitative determination o f Co(II). Due 
to the solubility o f this compound in acetone (3.6 mol dm"^ at 293 K )l, this solvent 
was chosen as the reaction medium for the quantitative determination of this metal 
cation. A plot o f absorbance (arbitrary units) versus the metal concentration 
(calibration curve) is shown in Fig.3.35. A straight line of intercept (-0.051 ± 0.020) 
and slope (31394 ± 509) was obtained. A correlation coeflBcient (0.999) was 
calculated.
Aluminium was quantified using 8 -hydroxyquinoline as the reagent. The method is 
based on the formation of a neutral chelate, Al(CgHgON)3 , wliich is soluble in 
methanol and therefore this was the reaction medium used for the quantification of tliis 
metal cation. The calibration curve for the determination o f aluminium is shown in Fig. 
3.36.
The use o f thiocyanate as a complexing agent is a well known method for the 
quantification o f Fe(III) in aqueous solution at pH lower than 3 (e = 6.3 x 10^ dm 3 
mol"l cm 'l, X = 480 nm)^ . It has been suggested^ than the use o f acetone as solvent 
increases the sensitivity of the method but the Beer's law is not obeyed. To overcome 
this problem, the Fe(III)-thiocyanate complex is extracted^ with methyl isobutyl 
ketone. This method is characterized by a higher sensitivity (e = 2,4 x 1 0 ^, X = 495 
nm) relative to any other method used for iron determination. The increase in 
sensitivity is attributed to a decrease in the medium permittivity which impedes 
complex dissociation, followed by the removal of water molecules surrounding the 
metal ion.
197
In this work ethanol was used as the reaction medium for the quantification o f Fe(III). 
The addition o f an ethanolic solution of perchloric acid was considered important to 
avoid the hydrolysis o f Fe(III) and the subsequent formation o f a Fe(OH)^ which can 
already be formed at pH 3. The calibration cuive for the analytical determination o f 
Fe(III) is shown in Fig.3.37. The linear relationship found reveals that the Beer's law is 
obeyed for tliis system.
1 .6 -
1.4-
SI 0 .8 -
0.4-
0 .2 -
Molar concentration of Co(ll)
(Times 10E-5)
y = a -1- mx 
m = 31394 ± 509 
a = -0.051 ±0.020 
r^ = 0.999
Fig. 3.35 : Calibration cui*ve used for the spectrophotometric determination of
Co(n) using dithizone at 298 K
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Molar concentration of Al (III)
(Times 10E-5)
y = a -H mx 
m = 10318 ± 472  
a = -0.045 ± 0.026
j- 2 = 0 . 9 9 4
Fig. 3.36 : Calibration cui*ve used for the spectrophotometric determination of
AI(n) using 8-hydroxiquinoline at 298 K
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Fig. 3.37 : Calibration curve used for the spectrophotometric determination of 
Fe(n) using diethyldithiocarbamate at 298 K
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3.7.2 Distribution of metal cations
The fact that ethylenediamine tetraacetanilide selectively binds nickel relative to other 
metal cations (Co^^ and Cu^"^) in the water saturated butan-l-ol at 298.15 K as 
reflected in the thermodynamic parameters of complexation between this ligand and 
these cations in this solvent (see table 3,9) does not necessarily imply that nickel would 
be selectively extracted by this ligand from the aqueous phase. Indeed, there are 
several factors which contribute to the overall extraction o f metal cations by neutral 
ligands. Among, these are;
i) The transfer of the electrolyte from water to the non-aqueous phase and the nature 
o f the species formed in the the organic phase (full dissociated electrolyte or ion-pairs).
ii) The number o f species formed in the non-aqueous medium between the metal cation 
and the ligand as well as the different type o f ion-pairs resulting from the interaction of 
the various complexed cations and the anion in the organic phase. It became quite 
obvious from the spectrophotometric studies that more than one specie is likely to be 
present in the non-aqueous medium and therefore, the complexity o f the system under 
consideration is such, that the determination o f the equilibrium constant, for the 
overall extraction o f these metal cations from water is by no means a trivial task. On 
the other hand, it seems that the percentages of metal extracted from aqueous solution 
into the organic phase by this ligand must be determined since these are valuable from 
the practical point o f view. Thus, the distribution o f metal cations (Ni(II), Co(II) and 
Cu(II)) in the mutually saturated water-butan-1 -ol solvent system in the presence and 
absence o f the ligand in the non-aqueous phase at 298.15 K was studied. Thus, table 
3.15 (Fig.3 .38) lists the percentages of metal ion extracted in the organic phase by this 
ligand as a function of the concentration of HCIO4  in the aqueous medium at a 
constant ionic strength (0.1 mol dm"^). Also included in this table are data for Al(III)
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and Fe(III) since these two metals are currently found with copper in ores. The ligand 
concentration used to derive these data was 1.0 x 10”^  mol dm"^. These data are not 
referred to pH since the aqueous phase was previously saturated with butan-l-ol 
(7.31%)^!, therefore, the pH scale would differ from that o f pure water. The results 
obtained show that ethylenediamine tetraacetanilide selectively extracts Cu(II) from 
water in the overall range of acidity considered and importantly Al(III) at a high 
concentration of HCIO4  (1 x 1 0 "^  mol dm"^). This finding is highly significant in view 
o f the search of compounds which may have potential use as drugs for treating 
aluminium overload without adversely affecting the biological levels o f iron.
The non-extractibility o f A1(III) at lower concentration o f HCIO4  could be attributed 
to the hydrolysis of aluminium salts since it is known^ that in the pH range from 4 to 9, 
A1(0 H ) 3  may be formed. Another interesting result is that concerning the weak 
interaction o f ethylenediamine tetraacetanilide for Fe(III). This may be due to several 
factors among which are:
i) The hydrolysis o f Fe(III) to Fe(0 H ) 3  proceeds readily
ii) The affinity of Fe(III) for amines is low. In fact, Fe(III) prefers oxygen containing 
ligands for interaction!^^.
It should be noted that the extraction data (table 3.15) show that the process is 
selective for Cu(II) relative to Co(II) and Ni(II). This may be the outcome from the 
positive contribution o f the Gibbs energy of partition, ApG° o f the electrolyte from 
water to the non-aqueous phase (unfavourable process) likely to be compensated (fully 
or more than fully) by the negative contribution of the Gibbs energy o f the various side 
reactions (ion-pair formation, favourable process) taking place in the organic phase
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besides the complexation reaction between this ligand and the metal cation in the same 
phase.
Extraction data as a function o f the ligand concentration derived from the experiments 
described in section 2.5, are shown in table 3.16. Blank experiments (in the absence o f 
ligand) were also carried out and these data are also included in the table. This result 
shows that the amount of cation extracted in the organic phase in the absence of 
ethylenediamine tetraacetanilide is indeed very small as expected from the above 
discussion. It can be observed from these extraction data that 97.3% o f copper(II) can 
be extracted when the ligand concentration is around 2.5 x 10“'! mol dm“^  in the 
organic phase, while the percentage extracted o f cobalt(II) although high, does not 
exceed 90%. Since HCIO4  was not used in these experiments, Fe(III) and Al(III) were 
poorly extracted relative to other cations.
3.7.3 Calculation of distribution coefficients
The distribution coefficient D, is defined as the ratio o f the analytical {i.e. total or 
stoichiometric) concentration of the metal ion in the organic phase, [C](org) to the 
corresponding data in the aqueous phase [C]Caq)
D = (3,6)
[ C L ,
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Table 3.16 : Percentage of Extracted Metal at 298 K at Different Ligand 
Concentration at constant Ionic Strength(I = 0.1 mol dm" )^
Initial Ligand 
Concentration in 
Organic Phase 
mol dm"3
Cu2+ Ni2+ Co2+ A|3+ Fe^ -i-
2.9 X 10-4 85.6 13.5 14.6
2.8 X 10-4 78.7 13.2 12.3
2.7 X 10-4 80.0 14.6 12.5
2.6 X 10-4 75.9 13.4 11.3
2.5 X 10-4 97.3 48.3 72.5 14.0 14.6
2.4 X 10-4 93.8 47.3 74.3 13.2 12.3
2.3 X 10-4 70.5 14.0
2.2 X  10-4 87.7 45.7 68.8 12.7
2.0 X 10-4 81.6 43.8 64.0 12.3
1 .8x10-4 73.4 40.4 62.8 12.3
1.6 X  10-4 65.6 55.4 12.5
1.4 X  10-4 58.4 38.6 50.7 12.5
1.2 X 10-4 50.9 35.5 45.8 12.5
1.0 X  10-4 44.5 37.8 39.5 11.8
8.0 X 10-5 40.0 32.1 36.6 12.0
7.0 X  10-5 33.8 30.3 32.9 11.6
6.0 X  10-5 26.5 30.5 11.5
5.0 X  10-5 25.8 23.3 26.5 11.3
4.0 X  10-5 22.0 19.4 22.5 11.1
cont.
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3.0 X 10-5 17.3 15.9 2 1 . 2 1 1 . 1
2.0 X 10-5 13.6 12.3 19.6 1 1 . 1
1.0 X  10-5 9.1 8.5 16.0 1 1 . 1
5.1 5.0 1 2 . 0 1 1 . 1
As a quantitative approach for the extraction process, logarithms o f distribution 
coefficients (log D) are plotted against the percentage o f extraction and these data are 
shown inFigs.3.39, 3.40 and 3.41 .
The plot in Fig.3.39 suggests that 100% of Cu(II) can be extracted if additional ligand 
is present. However, the data shown in Fig. 3.40 indicates that for Ni(II) only 50% is 
extracted. Finally the plot in Fig. 3.41 shows data for Co(II) which suggest that an 
increase in the ligand concentration may lead to a better extraction o f this cation by 
this ligand.
Finally, the plot in Fig.3.41 shows the extraction o f Co(II). The trend o f the curve 
suggests that a higher concentration o f ligand may lead to a better extraction of the 
cation.
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Fig, 3.39 : Plot of the logarithm of the Distribution coefficient vs percentage of
extraction for Cu(II)
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Fig. 3.40 : Plot of the logarithm of the Distribution coeiHcient vs percentage of
extraction for Ni(n)
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Fig. 3.41: Plot of the logarithm of the Distribution coefficient percentage of
extraction for Co(II)
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3.8 POLYMERIC CHELATING RESINS
Solvent extraction technology has been successfully applied to the recovery and 
purification o f metals. However, in view o f worldwide pressures for reductions in 
existing limits o f chemical pollutants in the environment, extraction processes that 
require the use of considerable amounts o f organic solvents are likely to be replaced by 
those using new materials that are environmentally safer. Among these materials, 
special attention should be paid to the development of polymers containing ion- 
selective ligands as anchor groups. In this respect, the ability o f ethylenediamine 
tetraacetanilide L, as extracting agent for Cu(II) and Al(III) (at low pH) encouraged 
the task o f incorporating this ligand into a polymeric network. According to 
UVA^isible spectrophotometry (section 3.2), IR (section 3.5) and X-ray 
crystallography (section 3.6), the ability of this ligand to complex with metal cations, is 
due to the presence of two tertiary nitrogen atoms in the ethylenediamine bridge and 
four amide groups. In this work, it has been shown (section 3.5 and 3.6) that the 
oxygen atom of the (-CONH-) group is responsible for the coordination o f this ligand 
with the metal cations. Although in these studies, coordination through the nitrogen 
atom has not been observed, there are reports^^^ which demonstrate that this atom can 
act as a coordinating site at a pH > 6  and that subsequent deprotonation o f the amide 
occurs.
It should be noted that compounds containing amide functions such as A-methyl 
acetamide have been inserted into polymeric networks (section 1.5.4, Fig. 1.36) and 
successfully used for the chromatographic separation o f thorium, uranium and 
zirconium.
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Likewise, polymers containing EDTA (section 1.5.5) have also been reported to be 
effective scavengers of metal cations.
Therefore, the synthesis o f a polymer containing ethylenediamine tetraacetanilide as 
anchor group was a challenging task to undertake and this is now discussed.
3.8.1 Attachment of the Ligand into Polymeric Networks
There are several reactions leading to the preparation o f chelating polymeric resins 
(section 1.5.3) and based on the chemical behaviour of the ligand, a suitable method 
should be chosen.
However, the way in which the ligand is attached to the polymeric network 
undoubtedly represents one of the major problems in the design of chelating polymeric 
resins since the main goal is that the coordinating properties o f the ligand are not 
altered as a result of the attachment o f the ligand to the polymeric network.
However, several researchers^ have concluded that the choice o f a suitable ligand 
does not ensure the production of a material in which the inherent properties o f this 
ligand remain unaltered.
Several factors may affect the coordinating properties o f the ligand once inserted into 
polymeric frameworks. Among these are :
i) Nature o f the polymer;
ii) the position o f the ligand in the polymer and
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iii) the degree o f cross-linking o f the polymer.
Taking into account these factors, it should be pointed out that as far as 
ethylenediamine tetraacetanilide is concerned, there are several potential sites available 
for attachment. These are:
i) the phenyl ring.
which can be used for condensation reactions^^^(section 1.5.3, B).
ii) the methylene in the group -N-CH2CONH-
since its protons can be considered as acidic due to their neighbouring atoms. Thus, 
the use o f suitable bases could lead to the removal o f these protons and further 
reactions can be obtained^^^ which may lead to the incorporation o f this ligand into 
polymeric networks.
iii) the hydrogen atoms in the amide group.
whose acidic nature can offer one o f the best alternatives
In this work, ethylenediamine tetraacetanilide was attached by an //-alkylation reaction 
to chloromethylated polystyrene.
On the basis o f the above comments, the //-alkylation reaction was first performed 
with benzyl chloride since this compound may be considered as the monomer o f 
chloromethylated polystyrene.
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3.8.2 Insertion of Ethylenediamine Tetraacetanilide into Chloromethylated 
Polystyrene
A'-alkylation reactions involving amides represent an interesting and useful synthetic 
route for the preparation of secondary and tertiary amides. However, these procedures 
often present problems due to the conditions required for the reaction. The use o f 
strong bases^^^ (le. sodium, sodium amide, sodium hydride, potassium f-butoxide) 
leads to low and impure yields.
Improved yields and lower reaction times have been achieved using a catalyst
such as alumina which is separated out from the reaction medium by filtration. 
However, the presence of alumina is non-compatible with the preparation of insoluble 
polymers.
Phase-transfer-catalyzed as well as heterogeneous reactions have been reported to be 
an excellent alternative to conventional methods; for the former aqueous sodium 
hydroxide-benzene-catalyst and solid sodium hydroxide-potassium carbonate-benzene- 
catalyst, have been used^^^’^^^"^^ .^ For the heterogeneous reaction the use o f solid 
potassium hydroxide in dimethyl sulphoxide has been reported^^k
A. A-Alkylation of Ethylenediamine tetraacetanilide
After two unsuccessful attempts using (C2 Hg)3 N in dioxane and NaH in N,N~ 
dimethylformamide; a phase transfer catalysed reaction using a mixture of 
Iv2 CO]/NaOH and W-BU4 NHSO4  in C^^H  ^ was chosen as an alternative procedure to
214
perform the A-alkylation o f ethylenediamine tetraacetanilide. This method was 
originally proposed by Zwierzak for the //-alkylation o f secondary amides.
The reaction performed under anhydrous conditions was periodically monitored by 
TLC. After 136 hours, the reaction was stopped. The organic solution was treated 
according to the procedure described in the experimental part (section 2 . 1 0 . 1 ).
Two main products were isolated:
i) A colourless product.
ii) An oily yellow product
i) The colourless product
This compound was obtained from distillation (b.p. 50-55° C/0 . 6  mmHg, Kugelrohr 
distillation) o f the organic solution. The IR (Fig.3.42) and NM R (Fig.3.43) show 
that the colourless product was tributylamine. Comparison between the IR and iH  
NM R spectra of this compound obtained in this work and those reported in the 
literaturef^^’f^^ are shown in Fig.3.44.
The presence o f this product suggested that during the reaction, the phase transfer 
catalyst decomposed.
ii) Oily product
Thin layer chromatography (CHCI3  as eluent) showed the presence o f  three different 
fractions (R /j = 0.8-0,9, R / 2  = 0.5-0 . 6  and R / 3  = 0.1). These were separated by flash 
chromatography. Fractions R / i  and R / 3  were present in very small amounts. Fraction
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R /z  was isolated and IR studies were performed (Fig. 3.45). The strong band found at 
1602 cm"i suggests the presence of a carbonyl group of tertiary amide.
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However, the presence of a strong band at 3419 cm"^ suggested the presence o f a 
secondary amine, as a side product of the reaction. The result o f NMR studies in 
CD3 COCD3  (Fig. 3.46) indicated that the product was not pure enough. Several 
singlets observed are assigned to the protons in the methylene groups o f the molecule. 
However, the most relevant result of the NMR data, is the presence o f two kinds o f 
aromatic protons. The multiplets at 5 = 6.53 - 6 . 6 6  ppm suggest the presence o f the 
aromatic protons in the benzyl group (-CH2 C6 H 5 ). The multiplet at 5 = 7.04 - 7.40 
ppm were assigned to the aromatic protons o f the phenyl group (-N-CgH^).
Although the final product was not pure enough, the main objective o f this experiment 
was the //-alkylation of ethylenediamine tetraacetanilide and this was achieved. Based 
on these results, the reaction was performed using chloromethylated polystyrene as 
alkylating agent for ethylenediamine tetraacetanilide as discussed below.
B. Preparation of Polymeric Chelating Resin
In order to prepare the chelating polymer, 1% cross-linked chloromethylated 
polystyrene (Merrifield's peptide resin) was used as the A^-alkylating reagent o f 
ethylenediamine tetraacetanilide.
The reaction lasted six days, afterwhich a solid product was isolated as a yellow-pale 
material. Microanalysis o f the dried product was carried out at the University o f Surrey 
o f the dried product (C : 88.33%; H : 7.41% and N : 1.70%). Assuming that the whole 
content o f the nitrogen was originated from the ligand, a capacity o f 0 . 2 0  mmol 
ligand/g resin was calculated for this polymer.
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Comparison between the IR spectra o f the chloromethylated polystyrene (Fig. 3.47) 
with that o f the new polymeric material (Fig. 3.48) shows the presence o f a strong 
band at 1654 cm"l (Fig. 3.49) suggesting the presence o f the carbonyl group of 
secondary or tertiary amides.
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A possible stmcture of the new polymeric chelating resin is suggested in Fig.3.50.
CH, CHg / -----------\
IN-OCHgC^ j \ ^CHgCO-N—
N
N-OCH2C
CHo
N.
C H gC O -N^ ICH
: P o lym er e n d
Fig. 3.50 : Suggested Structure of the New Polymeric Chelating Resin
C. Uptake of Metal Cations by the New Polymeric Resin
In order to determine the ability o f the polymeric material to uptake cations from water 
several metal ions were examined (Cu2+, Co^ "*"). Aluminium (TIT) and Iron (III)
were not examined in the present experimental part since the aqueous solutions of 
these metallic salts are hydrolized easily leading to the formation o f insoluble products 
(A1(0 H ) 3  and Fe(OH)3 ). In order to examine the use o f these materials for
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environmental purposes, the uptake o f heavy metals cations Hg^+, Pb^^) for
the resin was investigated.
The amount o f metal ion taken up by the resin, Cr, was calculated from the following 
relationship:
Cr = Ci - Cf (3.7)
where Ci and Ce ar the initial and equilibrium concentrations o f the metal ion in the 
aqueous phase.
The results in table 3.17 show that the new polymeric material takes up only Hg(II) 
(0.32 mmol/g. resin) among the cation considered. Blank experiments with 
chloromethylated polystyrene showed that 0.08 mmol Hg(II)/g.resin were taken up in 
the absence o f ligand. Therefore, it is concluded that the presence o f the ligand in the 
resin phase is responsible for 75% of the total amount o f Hg(II) extracted by this 
material.
Table 3,17 : Uptake of Metal Cations by the New Polymeric
Resin
M etal Cation 
mmol/g resin
C u 2 + NP+ Co2 + Cd^+ H g 2 + Pb%+
- 0.08 0.32 -
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Consequently, it seems that the ligand in the polymeric network is able to extract more 
than 1 mmol o f Hg(II). Therefore, the ratio between the Hg(II) found in the new 
material and the ligand is 1.6:1; respectively. The IR spectrum o f the polymer in the 
presence o f Hg(II) (Fig. 3.51) does not show any change in the carbonyl band o f the 
polymer, suggesting that the nitrogen atoms may be the coordinating sites for Hg(II).
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CONCLUSIONS
1. The aminolysis reaction performed in this thesis between the tetramethyl ester of 
EDTA and an amine, has been proved to be successful in the preparation of 
ethylenediamine tetraacetanilide. Therefore, the use of this ester as starting material for 
the preparation o f amide derivatives is feasible.
2. The complexing ability of this ligand is due to the presence o f the two nitrogen 
atoms in the ethylene bridge and the oxygen atoms of each carbonyl group in the four 
amide functions present in this molecule.
3. According to X-ray difraction studies, one of the amide groups o f the ligand remains 
free in the copper(II) complex. Therefore, the ligand in this complex behaves as 
pentadentate and a water molecule occupies the sixth site in the coordination sphere. 
IR studies o f the nickel(II) complex suggest a similar structure as in the copper 
complex.
4. For the Co(II) complex, the crystal structure shows that the four amide groups are 
able to coordinate the cation and therefore, this ligand behaves as hexadentate. 
However judging from the bond distances between the amide oxygen and the metal 
cation, the coordination bonds in this complex seem to be strained. The four amide 
groups are located almost in-plane and a seventh position is opened up where a water 
molecule coordinates to the metallic ion.
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5. From the metal cations considered, copper(II) is better extracted over a wide pH 
range into the organic phase containing ethylenediamine tetraacetanilide, than any 
other metal cation.
6 . The flexibility and mobility of the ligand are relevant properties toward 
complexation with metal cations such as Cu(II), Ni(II) and Co(II).
7. The attachment o f the ligand into a polymeric network was succesfully carried out 
by the iV-Alkylation reaction. In doing so, a considerable loss in ligand flexibility is 
most likely to occur and as a result no uptake of Cu(II) and Ni(II) was found. Co(II) 
was uptaken in a low extent. However, the more rigid nature o f the polymeric material 
provided a suitable environment for Hg(II), a cation with linear coordinating 
properties.
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SUGGESTIONS FOR FURTHER WORK
1. Several new derivatives may be prepared using the tetramethyl ester o f EDTA as 
starting material. The use o f the aminolysis reaction originally proposed by Singh 
has proved to be useful and feasible.
2. Attempts should be made to improve the yield of the final product (EDTA amides) 
and a one-pot synthesis should be developed to avoid isolation o f intermediates during 
the reaction.
3. Since the flexibility of ethylenediamine tetraacetanilide plays an important role in the 
complexation properties o f Cu(II), Ni(II), Co(II), other methods should be 
investigated to attach the ligand to the polymeric network.
4. With the new polymeric material reported in this thesis, the uptake o f metal cations 
as a function o f the pH of the aqueous solution should be investigated.
5.Attempts to recycle the material should be considered.
6 . The capacity o f the new material in terms of the quantity o f ligand per gramme o f 
resin should be improved and for industrial applications the costs involved in the 
production of these ligands should be assessed.
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7. The use of cheaper polymeric materials to attach the ligand should be considered.
8 . A more detailed investigation on the interaction of ethylenediamine tetraacetanilide 
with A1(III) should be carried out in order to gain knowledge about its crystal 
structure should be attempted.
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